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ABSTRACT 
COMPARING THE SUSTAINABILITY OF TWO SURFACE WATER TREATMENT 
ALTERNATIVES USING LIFE CYCLE ASSESSMENT (LCA) 
by 
Michaela Lane Bogosh 
University of New Hampshire, December, 2011 
Advisor: Dr. James P. Malley Jr. 
A sustainability assessment which combines the academic strengths of university 
research modeling with the practical inputs and needs of an operating utility is presented 
to compare two water treatment alternatives. PWN Water Supply Company is evaluating 
an upgrade from their current conventional coagulation and sand filtration (CSF) 
treatment process at WTP Andijk to Suspended Ion Exchange with Ceramic 
Microfiltration (SIX/CeraMac). An initial LCA was performed to determine which 
pretreatment is more sustainable in terms of energy consumption and carbon footprint. 
The initial LCA indicated that treatment with SIX/CeraMac exhibits a lower 
impact as measured by kg of carbon dioxide equivalents per cubic meter of treated water 
produced (kgC02-Eq/m3). The initial LCA results were promising and inspired an on-
going broader and more detailed LCA. Detailed LCA incorporates a more complete 
analysis of waste stream treatment and disposal for each alternative. SimaPro™ software 
was chosen for the detailed LCA to expand comparison and decision criteria using the 
Eco-Indicator 99 method. A comparison of effluent water quality as well as a cost 




1.1 PWN Water Supply Company North Holland 
PWN Water Supply Company of North Holland was launched in 1920 with the 
goal of supplying potable water to the region of North Holland. The original source was 
groundwater, therefore treatment was not complex. Over the years, the source slowly 
shifted from groundwater to surface water. Currently, 99% of the potable water 
distributed from PWN finds its origin in surface water. Although there are currently five 
water treatment plants under the ownership of PWN, the focus of this research will be on 
the water treatment plant located in Andijk (WTP Andijk). Below is a map indicating the 
areas in the Netherlands where PWN supplies drinking water. The dark orange section is 
the distribution area for WTP Andijk (image courtesy pwn.nl). 
Figure 1 - Distribution area of PWN 
1 
WTP Andijk began operation in 1968 in order to supply the area of West 
Friesland with adequate drinking water. Currently the plant treats a flow of 3,000 m3/h or 
20 MGD. The influent water derives from Lake IJssel which is fed by the river Rhine. 
Throughout the years WTP Andijk has seen multiple upgrades. Below is a schematic 
showing the upgrades seen at WTP Andijk from commencement to the last major 
upgrade made in 2004. 
1968 
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Figure 2 - Technologic progression of WTP Andijk from 1968-2004 
The original treatment scheme included initial micro-straining, breakpoint 
chlorination, coagulation, sedimentation, rapid sand filtration (RSF), commonly referred 
to as CSF treatment. Prior to distribution, chlorine disinfection was utilized. Ten years 
later in 1978, PWN was the first to implement a pseudo moving bed granular activated 
carbon (GAC) filter post RSF. The addition of GAC filtration was put into place in order 
to mitigate taste and odor problems as well as to prevent the passage of disinfection by-
products from the break point chlorination. In 2004, PWN became the first to build a full 
scale advanced oxidation ultraviolet and hydrogen peroxide (UV/H2O2) plant in order to 
address the increasing concentration of organic and pathogenic micro pollutants found in 
Lake Ijssel. Subsequently, there was no longer a need for breakpoint chlorination. Since 
the implementation of the advanced oxidation process (AOP) in 2004, the GAC filters 
serve to remove any residual H2O2 and to mitigate the formation of assimilable organic 
carbon (AOC). 
Currently research is being performed to determine the next upgrade at WTP 
Andijk. Two options are being proposed for possible implementation as pretreatment, 
which include an altered form of enhanced coagulation, sedimentation, and rapid sand 
filtration, while the second alternative includes cyclic suspended ion exchange with 
ceramic microfiltration (SDC/CeraMac). 
The design hurdles addressed by the research team, included such concerns as the 
increase in efficiency of the AOP; in order to achieve this, the UV-transmission (UVT) 
must be improved. An increase in the UVT is also directly correlated to an increase in the 
removal of dissolved organic carbon (DOC). An enhanced pretreatment is required in 
order to lower the formation of AOC. The reduction in the concentration of nitrate will 
enhance the operational efficiency of the AOP and lesson the formation of nitrite. One of 
the most significant improvements in implementing pretreatment with SIX/CeraMac is 
the total removal of suspended and colloidal matter independent of the feed water quality. 
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From pilot scale research arose the concept of the Suspended Ion Exchange and Ceramic 
Microfiltration processes (Galjaard 2006). 
1.2 Conventional Pretreatment 
The design of pretreatment at WTP Andijk has not changed dramatically since 
operation began in 1968, and like many other drinking water treatment plants, 
conventional CSF serves at the mode of pretreatment. Prior to water entering the 
treatment facility, caustic soda (NaOH) is added in order to soften the water. Maximum 
levels of hardness are observed up to 2.7 mmol/L in the reservoir, therefore a high 
volume of NaOH is required to soften the water to the desired level. Liquid carbon 
dioxide (CO2) is also added at the intake after the reservoir in order to heighten the 
relatively low bicarbonate concentration found in Lake Ijssel and to lower the pH. 
The preliminary steps in the current pretreatment process were solely designed for 
the intention of turbidity removal. The current conventional pretreatment at WTP Andijk 
includes flash mix enhanced coagulation, sludge blanket flocculation, and rapid sand 
filtration. The proposed conventional pretreatment will employ enhanced 
coagulation/flocculation for improved DOC removal, followed by lamella plate 
sedimentation and ending with rapid sand filtration. 
The current coagulant that is used for conglomeration of the dissolved and 
suspended matter is ferric chlorosulfate (FeClSO^; while the proposed coagulant is ferric 
chloride (FeCb). In the past, effluent chloride levels at WTP Andijk have come close to 
or violated Dutch drinking water standards, depending on the fluctuation of seasonal 
chloride levels. The coagulant FeClS04 was implemented at WTP Andijk to combat this 
problem because of the lower level of chloride; however for the proposed design FeCb 
4 
has been chosen as the primary coagulant once again. In the current design, influent water 
from micro sieving is flash mixed with FeClS04 and a polyelectrolyte (PE) called 
Synthofloc®. The proposed design will replace the flash mix coagulation with a static 
mixing shelf. The PE is added to aid in the agglomeration of the particles for optimum 
flocculation to occur especially during periods of warmer water temperature. 
Currently there are three circular sludge blanket flocculators which are used to 
separate the agglomerated particles, mainly consisting of iron particulates, from the 
water. In the proposed design, the circular clarifiers will be replaced by conventional 
flocculation through vertical paddle wheels which are implemented for enhanced floe 
aggregation kinetics. Following the process of flocculation, the water travels over the 
lamella plate settlers which separate the treated water from the flocculated particles. The 
sludge from the settled floe is stored and dried out in large fields behind WTP Andijk. 
The backwash water is sent to the inlet reservoir, which is periodically dredged. The 
dredged sediments are sent out to the drying fields along with the coagulation sludge. 
Proposed design includes an additional mechanical dewatering step of the combined 
solids for further volume reduction for periodical transport away from the facility to a 
sanitary landfill. 
Currently, NaOH is added after flocculation, just prior to RSF in order to raise the 
pH back to the desired level. Adding the NaOH after the flocculation process allow for 
enhanced coagulation to occur. Enhanced coagulation or low-pH coagulation is a widely 
used application for optimizing the removal of DOC. Enhanced coagulation replaced 
conventional coagulation at WTP Andijk in 2008. 
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In total there are twelve rapid sand filters at WTP Andijk which consist of a down 
flow design. Currently, the sand filter bed is 0.5 m in height which serves to remove 
suspended particles in the water. This filter height requires a long residence time in order 
to properly filter the influent water. The proposed design will include a i m layer of sand 
followed by 0.5m of anthracite, and will consist of an up flow design as opposed to the 
down flow design currently employed at WTP Andijk. The filters are backwashed to 
prevent fouling mainly caused by iron floe buildup. Air and water serve as the tools for 
backwashing the duel media filter. Below is a schematic of the proposed conventional 










Figure 3 - Proposed conventional pretreatment at WTP Andijk 
1.3 New Unconventional Proposed Pretreatment 
PWN has also proposed a cyclic suspended ion exchange (SIX) treatment process 
followed by ceramic membrane microfiltration (CeraMac) as a replacement for the 
current conventional CSF pretreatment process. It was the goal of PWN to design a new 
pretreatment which involved the use of membranes. Since the influent possesses high 
concentrations of natural organic matter (NOM), the membranes would foul too quickly, 
which led to the design of the SIX prior to CeraMac. The pilot plant that has been 
constructed next to WTP Andijk consists of two suspended ion exchange reactors in 
6 
series. In ion exchange treatment, a resin usually comprised of inert chloride ions (CI"), in 
the case of WTP Andijk an anionic resin, exchanges the inert CI" ions for the negatively 
charged ions found within the influent water, such as nitrate (NO3"). Vertical agitators 
help to thoroughly distribute the resin so that plug flow conditions can occur for optimal 
treatment. 
After the water travels through the ion exchange contact vessels a form of lamella 
plate sedimentation is used to separate the used resin from the treated water. All of the 
used resin is then collected in a basin and will be sent through a regeneration process. 
Since 100% of the resin is regenerated prior to re-use, this makes the operation cyclic. 
The resin is regenerated with a concentrated salt solution consisting of sodium chloride 
(NaCl). The regenerated resin, which has returned to the CI" form, is sent back to the first 
contact vessel to be mixed with the influent water. 
The spent regeneration fluid is treated through a biological denitrification process 
followed by nanofiltration (NF) and could also pass through mechanical vapor 
recompression (MVR) for further waste reduction. The purpose of denitrification is to 
reduce the levels of nitrate that have been rinsed off of the resin during the regeneration 
process. Subsequent nanofiltration will remove DOC, sulfate (SO42"), phosphate (PO42) 
and other multivalent ions while allowing for the passage of salt through the membranes 
to be re-used in the resin regeneration procedure. After both nanofiltration and MVR a 
concentrate or brine remains. There are several possible options being investigated for the 
disposal of the waste from treatment of the regeneration fluid from cyclic ion exchange 
which will be discussed in further detail later in this report. 
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CeraMac will follow the suspended ion exchange process for the purpose of 
removing suspended particles and for the reduction of turbidity levels. The process of 
CeraMac will also prevent the passage of larger biological compounds, as it is a form of 
dead end filtration meaning all water that has passed through the microfiltration modules 
has been treated. After microfiltration, the water will be treated by the current AOP of 
UV/H2O2 followed by GAC filtration. Below is a schematic of the new proposed 
pretreatment process, shown in Figure 4. Continuous operation of pilot scale studies have 
not yet been performed for SEX/CeraMac in conjunction with the existing UV/H2O2 and 
GAC filtration. However, the effect of the new proposed pretreatment on the subsequent 
process has been previously investigated in bench scale studies as it will be addressed in 
this report. 
Trommel Sieving 
Suspended Ion Exchange 
—> Ceramic Membrane 
Filtration 




Figure 4 - New proposed pretreatment at WTP Andijk 
Biological growth has been observed in the distribution network stemming from 
WTP Andijk. The current pretreatment processes cannot achieve full removal of larger 
microorganisms prior to UV/H2O2 and GAC filtration. The new proposed pretreatment of 
ion exchange followed by microfiltration will serve as a full barrier against larger 
biological organisms. The operation efficiency of the AOP and GAC filtration is affected 
by the matrix of the influent water. Dissolved organic carbon (DOC) and nitrate (NO3") 
are the constituents which hinder the operation of the AOP most significantly. The 
8 
current pretreatment was not designed for the removal of nitrate while the new proposed 




It's important to distinguish what aspects of the new treatment process will serve 
as the replacement for the current treatment steps. The treatment processes of 
coagulation, flocculation and sedimentation will be replaced by suspended ion exchange 
and resin re-use through lamella plate sedimentation with resin regeneration, and rapid 
sand filtration will be replaced by ceramic microfiltration. 
Both processes serve the purpose of pretreating water prior to the AOP and GAC 
filtration. The purpose of pretreatment is to ensure the most desirable operating 
conditions for the AOP and GAC filtration as well as to minimize maintenance of the 
subsequent processes by delivering an effluent with lower levels of constituents. 
The quality of the treated water is the first concern at any drinking water treatment 
plant, therefore a comparison of all pertinent water quality parameters will be performed 
for both pretreatments. The effect of water quality on the subsequent AOP and GAC 
filters, as well as the affect on the distribution network will also be taken into account 
when evaluating the effectiveness of pretreatment. 
A preliminary life cycle assessment (LCA) evaluating the energy consumption of 
the two treatment processes will be performed in order to conclude which process 
9 
uses less cumulative energy resources and to offer insight into possible changes that 
could be made to the total treatment process that will lower the overall environmental 
impact. Based on the results from the initial LCA, a supplementary LCA was performed 
with LCA software to investigate, in further detail, additional environmental impacts of 
the two proposed treatment alternatives at WTP Andijk. A comparison of costs will 
conclude the comprehensive comparison of the two treatment alternatives. 
2.2 Problem Definition 
Current state of the art on decision making for implementation of new drinking 
water pretreatment processes assesses not only water quality and cost but values 
environmental impact being quantified as equally important. Preliminary data is currently 
available on water quality and costs, however a life cycle assessment has not been 
performed yet. Finally, comprehensive reporting on the three decision making aspects is 
not available. 
2.3 Objectives 
The objective of this research is to compare pretreatment based on CSF and on 
ion exchange with ceramic microfiltration in terms of water quality, costs and life cycle 
assessment. 
The first goal of this research will be to compare certain water quality parameters 
of the two pretreatment effluents. Since the effluent from pretreatment directly affects the 
treatment efficiency of the AOP and GAC filtration processes, as well as the integrity of 
the distribution network, quantifying the water quality of the two pretreatment options is 
an integral step. Although the effluents of the two pretreatments are different, the 
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treatment options are seen as functionally equivalent when comparing them in terms of 
life cycle assessment. 
The second objective of this research is to determine which pretreatment is more 
sustainable in terms of energy consumption and climate footprint. For this, a preliminary 
LCA will be conducted. It has been shown in previous reports that energy consumption, 
particularly during the operational stages of a drinking water treatment plant, contributes 
the largest portion of the environmental impact (Mohapatra 2002). For this reason, 
energy consumption will serve as the method from which carbon footprint (CC^-Eq) will 
be derived. A detailed LCA which includes other aspects of treatment which could 
contribute to the total environmental impact will also be carried out using LCA software. 
The third objective is to compare the investment costs and the operational and 
maintenance costs of the two pretreatment options. 
2.4 Research Tasks 
The previously described objectives of this research will require performing the 
following tasks: 
1. Determine the effluent water quality of conventional CSF and SIX/CeraMac with 
respect to the following water quality parameters and justifications. 
Indicators of sufficient operation of pretreatment processes 
Parameters that should be removed or reduced through RSF and ceramic 
microfiltration include TSS, turbidity, manganese and iron. Breakthrough 
concentrations of these parameters will indicate that a problem has occurred within 
the treatment process or that a backwash event has recently taken place. Manganese 
could potentially accumulate on the microfiltration modules and contribute to 
11 
membrane fouling but should be sufficiently removed during an enhanced backwash 
at a low pH. 
Chemical addition in pretreatment processes 
In the processes of coagulation, FeCl3 is added to the influent water. For regeneration 
of the ion exchange, NaCl is added in a batch process. The addition of chloride 
should be monitored against the Dutch drinking water standard. The regeneration 
process will also add to the sodium content in water as the addition of NaOH, for the 
pH adjustment in CSF, will also increase sodium content of the pretreated water. 
Determine effect on operation of post treatment processes 
The major parameter which dictates the efficacy of the operation of UV/H2O2 is DOC 
and to a lesser extent the concentration of N03" found in the water matrix. Since NO3" 
is converted to nitrite (NO2) during UV/H2O2, this parameter has dual importance. 
%UVT254 has been found to correlate to the concentration of DOC in the water and is 
a quick and easy indicator of transmittance conditions prior to the AOP. For the 
biological degradation process in GAC filtration to occur, a sufficient amount of 
phosphate (PO43) needs to be present, however, consistently low levels in the raw 
water make it necessary to periodically dose this nutrient prior to GAC filtration. 
Corrosion 
For the Dutch standard, the parameters which play a large role in the corrosivity of 
potable water distribution systems are chloride (CI), sulfate (SO42") and total 
inorganic carbon. As previously mentioned, CI" is added to the influent water in both 
pretreatment scenarios. Sulfate should be, in great part, removed through ion 
exchange but unaffected by CSF pretreatment. 
12 
Biological stability 
In more recent years, attention has been drawn to the biological stability of the 
distribution system originating from WTP Andijk. Biological stability and quality of 
the distribution system can be monitored by multiple water quality parameters such as 
AOC, Adenosine-5'-triphosphate (ATP), biofilm formation rate (BFR) and biomass 
accumulation. 
2. Conduct a preliminary life cycle assessment on the two methods of pretreatment with 
respect to energy consumption. The preliminary LCA will identify the major 
differences associated with each pretreatment scenario and determine the energy 
requirements for the different components. For the components that have a major 
contribution to the energy consumption of treatment processes, a sensitivity analysis 
will be performed. In addition, the preliminary LCA will be verified using a detailed 
life cycle assessment incorporating additional aspects of treatment and waste disposal 
of both alternatives. 
3. Compare the investment costs associated with conventional pretreatment and 
SIX/CeraMac pretreatment. The operational costs and maintenance costs will be 
estimated for both pretreatment scenarios. In addition, the effect of the pretreatment 
on the operational costs of post treatment by UV/H2O2 and GAC filtration will be 
assessed. 
2.5 Limitations and Boundary Conditions of Research 
The following items are the limitations and boundary conditions of this research. 
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2.5.1 General 
• The treated design flow for both pretreatment alternatives will be 4,000 m3/hr. 
• Backwashing of RSF and GAC filtration will account for a total 10% internal 
water losses making the raw water flow 4,470 m3/hr. 
• Assuming a 6% internal water loss through ceramic microfiltration, the total raw 
water flow for SIX/CeraMac pretreatment will be 4,240 m3/hr. 
• The nanofiltration concentrate, which is 20% of the regenerate treatment flow, 
will either be transported to the WWTP in Wervershoof by boat or by pipeline. 
• The waste from mechanical vapor recompression can either be transported to the 
WWTP by boat, truck, or by pipe. Currently there has not been any pilot plant 
testing using MVR, however, theoretical models have been developed which will 
be used to estimate design parameters for this research. 
• Design data obtained for the SIX/CeraMac pretreatment will be taken or scaled 
from pilot studies and previously constructed pilot facility. 
• The results of this report will be shared both internally within PWN and 
externally. 
2.5.2 Water Quality 
• Water quality data for the conventional CSF and SIX/CeraMac pretreatments will 
be obtained from analysis performed by Het Waterlaboratorium N.V of Haarlem. 
• Water quality assessment will only include those parameters listed above in 
section 2.4 of research question number 1. 
• Water quality from conventional CSF was taken from full scale continuous 
operation from both WTP Andijk and WTP Princess Juliana, also located in 
Andijk which employs a similar design to the proposed conventional CSF 
pretreatment. 
• Water quality from SIX/CeraMac was taken from intermittent pilot scale 
operation. 
2.5.3 Preliminary Life Cycle Assessment 
• A significant amount of the data for SIX/CeraMac was linearly scaled from the 
pilot flow of 40 m3/hr to the future capacity. 
• Since some operational data was taken from WTP Princess Juliana, it should also 
be known that the average production flow at this location is 6,000 m3/hr. 
• The LCA will be streamlined to achieve the goal of the study. 
• Some operational data for comparison in the preliminary LCA will be obtained 
from pretreatment at WTP Princess Juliana. Data includes the operational energy 
for the following treatment components: 
o Rotation of the flocculation mechanical stirrers 
o Rotation of the sludge scraper used underneath lamella plate 
sedimentation 
o Backwash of RSF 
14 
• After conducting the preliminary LCA, a sensitivity analysis was conducted. The 
sensitivity analysis was performed for the components that contributed the most 
weight to the total impact of pretreatment as well as the entire treatment process. 
• The focus of this research is aimed at the operation stage of the two processes, 
and the treatment plant as a whole, excluding construction and final disposal. Raw 
material extraction and final disposal or re-use will not be evaluated for their 
impact from energy consumption. The manufacturing along with the operation or 
use phase of the treatment plants life will be evaluated. 
• Allocation, a tool used to place the relative impact imparted by each step of a life 
cycle process, will not be included in this preliminary LCA research. 
The following aspects of the pretreatment alternatives were investigated in the 
preliminary LCA: 
• Coagulation/flocculation 
o Energy required for the production of: 
• Ferric chloride (FeCU) 
• Polyelectrolyte (Synthofloc) 
• Sodium hydroxide (NaOH) 
o Energy required for the operation of coagulation/flocculation mixing 
wheels 
• SIX 
o Energy required for the production of: 
• Resin (Lewatit VPOC 1071) 
• Sodium chloride (NaCl) 
o Energy required for operation of SIX and regeneration of ion exchange 
resin 
• Lamella plate sedimentation (CSF) 
o Energy required to operate the scraper located at the bottom of the 
sedimentation basins 
• Lamella plate sedimentation (SIX) 
o No external energy is required for operation of lamella plate sedimentation 
for the separation of the resin from the treated water 
• RSF 
o Energy required to: 
• Produce anthracite and sand 
• Transport sand and anthracite 
• Backwash 
• Ceramic Microfiltration 
o Energy required for: 
• Operation of ceramic microfiltration 
• Regular and enhanced backwashing 
• Production of ceramic material 
• Production of sodium hypochlorite (NaOCl), which is used in the 
enhanced backwash 
• Transport of ceramic microfiltration modules 
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• The microfiltration backwash water will not be considered in this 
preliminary LCA as precise models have not been developed under 
pilot operation (see detailed LCA) 
• Waste Streams 
o CSF: Transport of sludge from sedimentation and backwash to final 
disposal by boat 
o SIX Regeneration fluid treatment: 
• Biodenitrification for the removal of nutrients from the 
regeneration stream: Energy required to produce acetic acid (HAc) 
and hydrochloric acid (HCL), also direct CO2 emissions 
• Nanofiltration for salt retention: Energy required to operate, 
backwash, produce polysulfone (membrane media), and transport 
to WWTP by boat or pipeline (production of pipe material and 
pumping is inluded) 
• MVR for further waste minimization: Energy required to operate 
and transport the brine to WWTP by boat or by pipeline 
(production of pipe material and pumping) 
• Transportation of all treatment chemicals was calculated from 
point of production to distribution ending with transport to WTP 
Andijk. 
Materials such as steel, concrete, and plastics will not be evaluated for their 
impact, unless they are used in only one of the treatment options. Pumping will also be 
excluded from this LCA as it was assumed to be synonymous with both pretreatment 
scenarios. Note that there may be a difference in internal pumping requirements due to a 
difference in internal water loss (see 6.2.2 for supplementary LCA description). The 
functional unit for this LCA will be 1 m3 (1000 kg) of treated water. All data collected in 
the life cycle inventory phase will be normalized to this functional unit. 
The affect on subsequent processes will also be included within the boundaries of 
the preliminary LCA. The energy requirement for the operation of the UV/H2O2 
processes depends on the influent matrix. The difference in energy required for operation 
of the AOP to achieve the same level of degradation will be evaluated by the effluent 
water quality of the pretreatment methods. The energy required to produce and transport 
the hydrogen peroxide (H2O2) will be included for both methods of pretreatment. 
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Similarly, regeneration of the GAC filters depends on the level of constituents found 
within the pretreatment effluents. The difference in energy required for regeneration of 
GAC filters will be evaluated accordingly with the different pretreatment effluents. 
It is the desire of PWN to investigate the impact of several components of 
treatment which are not affected by pretreatment. The amount of energy required to 
produce the NaOH used in softening, the CO2 dosed to adjust the concentration of 
bicarbonate, and CIO2 dosed prior to discharge will be evaluated. The amount of energy 
required to transport these chemicals will be included in the same fashion as described 
above. 
2.5.4 Detailed LCA 
The additional LCA will include the entire life cycle inventory (LCI) investigated in 
the preliminary LCA with the addition of the components listed below: 
• CSF residuals 
o Dredging of the inlet reservoir 
o Excavation of the sludge drying ponds 
o HDPE liner found in the drying ponds 
o Mechanical dewatering of the combined sludge 
o Production and transportation of the polyelectrolyte used to enhance 
mechanical dewatering 
o Biogenic CO2 released from decomposition residuals 
o Landfilling of the residuals 
• SIX/CeraMac residuals 
o Incineration of spent SIX resin 
o Disposal of either NF concentrate or MVR brine to the WWTP 
• Disposal by pipeline, with the backwash water from CeraMac 
o Increase in oxygen (O2) requirements at the WWTP due to the emission of 
the waste streams 
o Disposal of either NF concentrate or MVR brine to the Wadden Sea 
• Disposal by pipeline, with the backwash water from CeraMac 
o Emission of biogenic CO2 and nitrogen (N2) from biological 
denitrification 
o Incineration of the excess biomass accumulation from biological 
denitrification 
17 
o Emission of biogenic CO2 from NF and MVR waste streams 
Costs 
o Calculated operational costs represent a relative difference between 
pretreatment alternatives and may not reflect actual values, as contracts 
with all chemical distribution companies are not currently known for 
the new proposed pretreatment. 
o Data for investment costs are based on preliminary designs for 
proposed pretreatment. 
o Data for investment cost analysis for conventional CSF is provided by 
Witteveen+Bos in partnership with PWN Technologies. 
o Information for investment costs for SIX/CeraMac is provided by 




3.1 Water Quality 
The following section will briefly discuss each unit process involved in both 
proposed pretreatment scenarios and the subsequent water quality concerns of the 
respective processes. The role of water quality on the operation of the AOP and GAC 
filtration at WTP Andijk will also be discussed below. In recent years, concerns have 
arisen about the biological stability of the treated water stemming from WTP Andijk. 
Addressing this problem was one of the important factors affecting the design of a new 
pretreatment process. The parameters listed in section 2.4 of question number one, along 
with the previously mentioned issues regarding biological stability will be discussed in 
the following section. 
3.1.1 Conventional CSF Pretreatment 
At WTP Andijk, the process of coagulation will begin with the addition of the 
coagulant FeC^. The addition of FeCl3 prepares the DOC and other suspended matter to 
later become conglomerated through the processes of flocculation. The coagulant 
destabilizes the particles found within the water matrix and neutralizes the repulsive layer 
found on the exterior of the particles (Crittenden 2005). A polyelectrolyte is added to aid 
in agglomeration of particles as well. The amount of dosing depends on the pH of the 
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influent water, which fluctuates seasonally. Vertical paddle wheel flocculators agitate the 
water and help to form floes from the conglomerated particles. These types of paddle 
wheels are most often used in drinking water treatment when a high concentration of 
solids need to be removed through the subsequent process of sedimentation. These 
paddles, however, require more maintenance due in great part to the bearings and 
packing's being submerged (Crittenden 2005). Vertical paddle wheel flocculators are 
efficient in that one shaft is able to flocculate a large portion of the basin volume. Since 
these types of flocculators require more regular maintenance, when one of the drives need 
repair, mixing efficiency within the basin drastically decreases (Crittenden 2005). 
In order to collect the floe in a centralized location, lamella plate sedimentation is 
implemented. In most cases the floe does not adhere to the plates but rather slides down 
the sides through gravitational forces and is collected at the bottom of a tank located 
underneath the settlers. A mechanical arm collects and helps to thicken the settled solids 
for subsequent removal. The arms must continuously mix the solids so that a build up 
does not occur (Crittenden 2005). Sludge pumps are periodically used to transport the 
settled sludge and backwash water to the sludge drying fields. 
Figure 5 - Lamella plate settlers at drinking water treatment plant Princess Juliana 
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The final step in pretreatment prior to the AOP is rapid sand filtration. Rapid 
filtration has been widely used in the past for removal of particulates in the water. Nearly 
all surface waters, which remains the case at WTP Andijk, contain algae, sediment, clay 
and other inorganic and organic particulate matter; sand media filtration aids in removing 
those particulates. The factor which determines the effectiveness of adequate removal of 
the particulates from the water stream in rapid sand filtration is the prior addition of a 
coagulant, so as to destabilize the surface of the particles and prepare them for attachment 
to the filter media. The solids are removed from the water and are collected in the voids 
and surface of the filter media. The sand media filters must be backwashed regularly to 
prevent substantial head loss from the clogging of the pore space. Typically filter run 
time, or duration of time in between backwashing should have an upper limit because of 
the concern for excessive bacterial growth and compaction of the solids removed in the 
filter, which could make backwashing difficult. Rapid filtration is sensitive to influent 
characteristics and coagulant dosing and sedimentation. The performance of rapid 
filtration relies greatly on the experience of the operators (Crittenden 2005). 
3.1.2 Ion Exchange and Microfiltration Pretreatment 
The new proposed pretreatment is the SDC/CeraMac, which is a cyclic suspended 
ion exchange treatment followed by ceramic membrane filtration. With regards to water 
treatment, ion exchange is a reversible process in which the undesirable ions present in 
the raw water, such as DOC and nitrates, can be replaced by inert ions attached to an ion 
exchange resin. Commercially there are two available ion exchange resins which include 
cationic resins and anionic resins. Modern ion exchange resins are prepared by synthetic 
polymers and can come in the forms of strongly acidic cation-exchangers, strongly basic 
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or weakly basic anion-exchangers. Anion exchange resins are usually employed for the 
removal of organics and nitrate (Figure 6), while cationic resins are implemented for 
softening the water through base exchange (Bourke and Arias 2009). 
Figure 6 - Removal of polar DOC by anion exchange 
(Bourke and Arias 2009) 
The SIX is a single pass suspended ion exchange process where 100% of the resin 
will be settled and regenerated prior to additional use. Since the resin is not completely 
spent prior to regeneration, desorption can occur to a greater extent and at a lower salt 
concentration of ~70 mg/L as opposed to 120 mg/L or greater. The SIX pilot consists of 
two resin contact tanks, a resin plate settler, resin regeneration vessels and fresh resin 
holding tanks. Overhead paddle mixers agitate the water and allow for adequate contact 
with the resin. The resin currently found in the SIX pilot is Lewatit VPOC 1071 series 
anionic resin, although several other resins have been pilot tested in previous years. The 
binary separation factor (OIN/CI), is used throughout chemical engineering separation 
practice and is useful in describing the separation practice. The <XN/CI is an indicator of the 
ions preference to the exchange resin (Pontius 1990). Once the water has traveled through 
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both contact tanks, the next treatment step is plate sedimentation which separates the 
resin from the treated water. Upon separation, the resin travels into resin regeneration 
vessels. A counter current method is implemented for regeneration where a concentrated 
salt solution consisting of sodium chloride (NaCl) serves as the regenerate. Upon 
regeneration the resin is introduced to a twice used salt solution prior to coming into 
contact with a once used salt solution and finally with the clean salt solution (Friend-Gray 
2010). 
Figure 7 - Image of SIX Pilot 
Ceramic membrane microfiltration was implemented for the near total removal of 
suspended particles and colloidal matter and because ceramic membranes are highly 
tolerant to vigorous cleaning regimes and high backwashing pressure. Currently fouling 
has not occurred with ceramic membranes due in part to their powerful backwashing 
capabilities (Friend-Gray 2010). Below is a figure showing the pore size of various 
membranes and typical size ranges of constituents found in water. The void spaces are 
considerably smaller in membrane filtration than in granular media filtration. It can be 
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seen from the figure below that microfiltration fully removes all bacteria and larger 














m r » « i : : s « 
EEJaHdED 
10 100 1,«I0 

























metal ions dissolved salts viruses riumrc acids bactls cysten 
arsenic calcium salts contagious tnhalomethane salmonella protozoa 
nitrate sulfatesatts hepatitis precursors shiqella giardia 
nitrite magnesium salts vibrio cholerae Cryptosporidium 
cyanide aluminum salts 
Figure 8 - Pore size for different forms of filtration 
(P. de Moel 2006) 
In microfiltration the particles are strained and do not need the addition of a 
coagulant prior to filtration. Membrane treatment requires far less space than 
conventional filtration and can also be easily automated. In membrane filtration, the 
characteristics of treated water are independent of the influent particulate concentrations, 
therefore making it superior to rapid filtration (Crittenden 2005). 
Figure 9 depicts the entire SIX/CeraMac process with regeneration solution 
treatment and subsequent recirculation. 
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Figure 9 - SIX/CeraMac with regenerate treatment 
3.1.2.1 Processes involved in regenerate treatment. The used regeneration salt 
solution is treated by biological denitrification followed by nanofiltration. Biological 
denitrification precedes nanofiltration to reduce the occurrence of fouling within the 
membranes. The concern when addressing the problem of cyclic ion exchange with brine 
reuse is the removal of NO3" from the regeneration fluid. The biological denitrification 
reactors used at the pilot facility are UltraBead® UB-140 and are fixed media up flow 
contactors. These contactors initially have an anoxic zone with bacteria in order to 
adequately reduce the dissolved oxygen (DO) concentration in the water. Following the 
aerobic zone, there is an anaerobic zone where nitrate removal occurs. The process of 
biological denitrification occurs in an anoxic environment where nitrate is converted to 
nitrogen gas. 
Often times, such is the case at WTP Andijk, acetic acid is also added as an extra 
source of organic carbon. The factors which directly affect the removal efficiency for the 
biological denitrification contactors are nitrate levels, the assimilable carbon 
concentration, the ratio of nitrogen to phosphorous, the concentration of dissolved 
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oxygen, the temperature and the pH (Crittenden 2005). The biodenitrification process at 
Andijk has proven to be very robust; however, carbon/nitrogen (N), and phosphate/N 
ratios have proven to be of great important in the efficiency of this process (Koreman 
and Hoogenboezem 2011). Once the majority of NOM has been removed from the brine 
reuse stream, the solution can pass through nanofiltration for further treatment. 
The nanofiltration membranes that are installed at the pilot are FILMTEC NF 
270-400 Nanofiltration Elements. The material of the membranes is comprised of 
polyamide thin-filmed composite and is spiral wound. These specific membranes are 
designed to remove high levels of TOC and Trihalomethanes (THM) but to allow a high 
percentage of monovalent salts to pass through. Nanofiltration is capable of removing 80 
to 95% of divalent ions such as calcium and magnesium while allowing for the passage 
of low-molecular weight ions such a sodium and chloride (Crittenden 2005). 
The process of nanofiltration produces a certain amount of concentrate relative to 
the flow and removal efficiency. In general the different methods for further processing 
of membrane concentrate can fall into one of the following categories: reuse, further 
treatment for the removal of contaminants, incineration, direct or indirect discharge in 
surface water, direct or indirect discharge to groundwater, or landfilling (Van Der 
Bruggen 2003). PWN has the desire to further process this concentrate potentially 
through the use of mechanical vapor recompression (MVR). MVR is an evaporation 
system which will reduce and concentrate the volume of the nanofiltration concentrate 
(Turek 2009). 
Several different scenarios are being investigated for potential disposal pathways 
for either nanofiltration or MVR concentrate. Initially, direct discharge into the sewer 
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system was considered. High concentrations of both chloride and sulfate found in either 
concentrate made these options unfavorable. Like many sewer systems throughout the 
world, North Holland utilizes steel reinforced cement pipes. The surface of concrete is 
inundated with micro pores. If high enough concentrations of chloride enter these pores 
and come into contact with the steel, over time the pipe will become structurally unsound 
(Liu 1996). Another mode of concrete deterioration is through sulfate attack. If high 
enough concentrations of sulfate come into contact with the concrete material itself, than 
this could potentially lead to cracking, increased permeability and strength loss. In severe 
conditions, of over 10,000 mg/L sulfate in water, ACI (American Concrete Institute) 318 
recommends a very specific mix of concrete and the use of an pozzolanic admixture 
(Monteiro 2002). It is suspected that the sewer system was not designed for these kinds 
of inorganic concentrations which will be present in either waste stream. 
3.1.3 Ultraviolet and Hydrogen Peroxide Disinfection 
The water quality parameters which greatly affect the performance of the UV 
reactors are %UVT, an indicator of DOC, particle content, constituents that foul reactor 
components, and algae. Upstream treatment components determine how great an affect 
these parameters will have on the performance of the UV degradation (Schmelling 2006). 
One of the most important water quality characteristics affecting the efficiency of 
the AOP is the capability of the water matrix to absorb to UV light. Ultraviolet 
transmittance (UVT) is the total amount of UV energy available to treat the water and 
plays an integral role in the delivery of the UV reactor. UVT can also be described as the 
total percentage of light passing through a material over a specified distance (NEWTTAC 
2009). 
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Particles found within the water matrix greatly affect the disinfection performance 
of the AOP. Particles vary in size and shape and can include such constituents as large 
molecules, microorganisms, clay particles, algae and floes from previous treatment 
processes. Particle content within the source water will vary with season but the largest 
events contributing to the particle content of the water matrix are large storm events, lake 
turnover, and spring runoff (Schmelling 2006). 
Upstream treatment processes are most effective when designed to maximize the 
%UVT of the treated water. Similarly, when another disinfectant such as hydrogen 
peroxide (H2O2) is used in conjunction with UV treatment, synergistic disinfection can 
occur which is most effective in targeting a wider range of pollutants. The addition of 
oxidants prior to UV treatment can increase the %UVT by degrading the NOM, reducing 
soluble material and precipitating metals. The addition of certain chemicals required for 
the upstream treatment processes, such as ferric chloride, can also affect the %UVT 
through absorption of the UV light. Ferric ion and hydrogen peroxide absorb UV light at 
254 nm with molar coefficients of 4,714 M"1 cm"1 18.7 M^cm"1 respectively. The impact 
threshold concentration is the concentration at which the %UVT at 254 nm will decrease 
from 91% to 90% or inversely increase the absorbance, A254, from 0.041 cm.| to 0.046 
cm-i. The impact threshold concentration for ferric iron is 0.057 mg/L, which could be a 
concern when dosing FeCl3 as the coagulant prior to UV/H2O2 treatment. The impact 
threshold concentration for hydrogen peroxide is 8.7 mg/L, which is higher than what is 
dosed at WTP Andijk (Schmelling 2006). 
Other water quality parameters, such as the pH of the influent water, could lead to 
fouling of certain components of the reactors and external surfaces of the UV lamp sleeve 
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when found outside of the desirable range. Fouling of the UV lamp will hinder the 
transmittance of the UV light through the sleeve into the water (Schmelling 2006). 
Fouling can also be found if in the presence of waters with high concentrations of 
hardness (as calcium carbonate (CaCC^)), alkalinity, iron, manganese. The oxidation 
reduction potential (ORP) and temperature are also of concern when designing UV 
reactors. Most of these parameters have a negligible effect on disinfection by UV unless 
fouling of the lamp sleeve does indeed occur. Bicarbonate ions have also been observed 
to react with the OH" radicals, which in turn decrease the effectiveness of the organic 
degradation. Reduction in alkalinity may need to be addressed when high levels are 
observed (Pontius 1990). 
One of the most prevalent water quality parameters influencing the efficiency of 
the UV/H202 process at WTP Andijk is NOM, more specifically DOC. DOC has been 
found to be the dominant scavenger of OH-radicals formed by the photolysis of peroxide 
(H2O2). Nitrate is also a concern with regards to the efficacy of the UV/H2O2 process. 
When the concentration of nitrate is found at high enough levels, a competition for 
photons will occur and interfere with degradation of pollutants (Martijn, et al. 2009). 
Nitrate absorbs light at the same wavelength as peroxide and has a higher molar 
absorption coefficient than peroxide, indicated earlier as 18.7 M^cm"1. Molar absorptivity 
is an indication of the affinity for one species to another (Clark 2007). 
Studies have indicated that the use of SIX/CeraMac pretreatment as opposed to 
CSF can reduce the electrical energy per order (EE/O) by approximately 50% due to the 
enhanced water quality entering the AOP (Martijn, et al. 2009). The EE/O is defined as 
the kW hours of electricity required to reduce the concentration of a compound in 1000 
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gallons of water by 1 order of magnitude. The smaller the value of the EE/O, the less 
energy consumed to achieve the degradation (de Lasa, Serrano and Salaices 2005) 
3.1.4 GAC Filtration 
Many inorganic and organic compounds as well as the pH range found within the 
water affect the adsorptive capacity of GAC filters. Weak organic acids and bases adsorb 
onto the surface of GAC as a function of the pH. If the pH of the water is found within 
the range where the molecule is in the neutral form, then the sorptive capacity is very 
high. Conversely when the pH is in the range where the compound is ionized, then the 
affinity for water is far greater and the sorptive capacity is very low. Fulvic acids are 
synonymous with humic acids and in large part contribute to many of the taste and odor 
problems found in surface water treatment (Pontius 1990). 
The inorganic composition of water may have a large effect on the absorbability 
and the occurrence of fouling within the filters. Inorganic substances such as iron, 
manganese and calcium salts or precipitates may hinder the adsorption of certain 
compounds if they adhere to the surface of the GAC. Pretreatment often reduces these 
compounds to desirable levels prior to reaching the filters. It is important to know the 
absorbability of the compounds within the matrix and how they will affect the entire 
adsorptive surface, since many water bodies possess both absorbable and non-absorbable 
compounds (Pontius 1990). 
Backwashing is an essential step in the successful operation of GAC filtration and 
is related to the concentration of contaminants found in the influent. Backwashing is done 
to remove any solids, to partially desorb some compounds found on the surface of the 
GAC and to maintain the desired hydraulic properties. Backwashing is also done to 
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control biological growth found within the filters that may occur between washings or 
regeneration (Pontius 1990). 
GAC is widely used for the removal of dissolved organics and color. The removal 
of NOM through pretreatment prior to GAC filtration will reduce the amount of organics 
that must be removed through adsorption. Pretreatment will also help to reduce the 
occurrence of fouling within the filters, and lessen the regeneration frequency of the GAC 
(Pontius 1990). 
In general, high molecular weight, non-polar compounds are absorbed more 
readily by GAC than low-molecular weight polar compounds. Pretreatment prior to GAC 
filtration is useful for the reduction in organic loading, removal of suspended solids that 
may interfere with the adsorption process with could potentially cause hydraulic 
plugging, and change in the adsorbability or biodegradability of the organic compounds 
entering the process. GAC has a superior adsorption capacity for a wide range of 
undesirable compounds. Adsorption occurs when a molecule's affinity for water is less 
than that of the adsorbent. In the case of GAC, adsorption from water generally increases 
as the solubility of the molecule decreases (Pontius 1990). 
Biological activity within GAC filters can readily oxidize some compounds found 
within the water matrix. Biological oxidation is more likely to occur during the summer 
months when the influent water is warmer than in the colder winter months. Due to the 
temperature fluctuation, biological oxidation cannot be depended upon throughout the 
year. Excessive biological growth must be controlled; in the case of anaerobic conditions 
odor problems can arise (Pontius 1990). 
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Regarding the removal of total organic carbon (TOC), full scale plant studies have 
shown that a GAC absorber with an empty bed contact time (EBCT) of 10 min will 
typically take 60-70 days to reach a steady-state effluent concentration. One study 
showed that new filter media can adsorb 50%-60% of TOC applied to the filter bed. Over 
a period of one month, it was observed that the high percentage for TOC removal greatly 
diminished as the adsorptive capacity declined (O'Connor, O'Connor and Twait 2009). 
After a certain point in time, the GAC media has been exhausted and needs 
regeneration. Regeneration can be done thermally on or off site depending on the need of 
the client. There are four primary steps to regeneration: 
1. Drying, including the loss of highly volatile adsorbates, which will occur at 
temperatures up to 200°C. 
2. Vaporization of volatile adsorbates and decomposition of unstable adsorbates to 
form volatiles portions which will occur at temperatures ranging from 200-300°C. 
3. Pyrolysis, at temperatures ranging from 500-700 ° C in a reduced oxygen 
environment, of the nonvolatile adsorbates and adsorbate portions forms a 
carbonaceous residue or char on the activated carbon surface. 
4. Oxidation of the pyrolyzed residue using stream and carbon dioxide as the 
oxidizing agent, which will occur at temperatures above 700 °C. 
The time between regeneration largely depends on the amount of irreversibly 
adsorbed organics on the filter media. The duration of regeneration will increase as the 
concentration of organics increases (Pontius 1990). 
3.1.5 Biological Stability and Quality 
Two parameters that have been shown to cause biological instability in treated 
drinking water are suspended matter and natural organic matter (NOM). If the water is 
found to be biologically unstable, a substantial regrowth of microorganisms in the 
distribution network can occur. Currently is it unclear what fraction of NOM and 
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particles contribute to the biological instability of water. It is suspected that the 
biodegradable fraction, or assimilable organic carbon (AOC) fraction of NOM plays the 
dominant role. Complex, large organic molecules are partly converted into smaller more 
biodegradable compounds after the AOP, therefore subsequent processes usually 
contribute to an increase of the AOC content .When AOC is present, specifically nitrogen 
oxide (NOX), measurements indicate that degradable NOM mainly consists of small 
organic and amino acids. Biological instability can account for secondary drinking water 
issues such as taste, odor and color, but can also be responsible for more severe problems 
like promotion for the development of pathogenic microorganisms. Currently the 
methods which have been used to indicate the biological stability of water are done by 
measuring AOC concentration, the biofilm formation rate (BFR), and adenosine 
triphosphate (ATP) measurements (Goulier, Abrahamse and Siegers 2008). 
A biofilm is the accumulation of microorganisms on to a surface. The 
microorganisms living in the matrix of the biofilm will use biodegradable organic carbon 
(BDOC), part of the oxidized NOM, as substrate in order to grow and flourish. When 
referring to the biofilm formation in drinking water processes, there are two phases. 
In the first phase the biofilm will grow linearly, where the slope or BFR can be 
expressed as the increase of the biofilm concentration over the area of the surface and the 
time. At a certain point in the biofilm formation growth will cease, which is then called 
the stationary phase (Goulier, Abrahamse and Siegers 2008). 
NOM found in water primary consists of non-biodegradable humic substances, 
which can be broken into two categories: humic acids and fulvic acids. NOM can be 
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measured as total organic carbon (TOC) as well as DOC, and consists of complex organic 
structures (Goulier, Abrahamse and Siegers 2008). 
Particles found in groundwater and some surface waters mainly consist of iron 
and manganese. If left untreated, iron and manganese can cause odor, taste and 
discoloration as well as biological regrowth in distribution systems (Goulier, Abrahamse 
and Siegers 2008). 
In an experiment conducted at a Dutch drinking water treatment plant, testing the 
biological stability of water treated by ion exchange and membrane filtration, it was 
shown that that treated water had a low BFR value and remained biologically stable over 
an extended period of time. During these experiments it was also discovered that 
particles played the primary role in the biological instability of the treated water (Goulier, 
Abrahamse and Siegers 2008). 
As discussed earlier, assimilable organic carbon AOC molecules are short chain 
organics. A rapid AOC test has been developed to indicate bacterial growth, specifically 
coliform and heterotrophic plate count bacteria; but is not a direct measurement of BDOC 
(LeChevallier 1993). Adenosine triphosphate (ATP) can also used as a measurement of 
active biomass concentration. An indication of biomass is important when discussing 
biological stability of the distribution network as well as in the GAC filters, as GAC 
filtration is both an adsorptive and biological process (Magic-Knezev and van der Kooij 
2004). One study has shown that values obtained from the rapid AOC test, ATP and plate 
count methods indicated that results were not significantly different from one another 
with respect to two different strains of AOC (LeChevallier 1993). 
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3.1.6 Corrosion of Distribution Systems (Lead, Copper, Sulfate, and Chloride) 
The health risks associated with the release of lead and copper from corrosion of 
drinking water distribution systems are known and regulations have been put in place. 
The Lead and Copper Rule was adapted by the USEPA in 1991 and in 1998 the European 
Drinking Water Directive was established which also put a limit on lead and copper 
content in finished water. The relationship between water composition and lead and 
copper corrosion has been studied extensively in the past and a strong influence from 
inorganic compounds has been established. The role of organics is less understood. The 
following relationships have been determined to indicate the maximum concentration of 
lead and copper which would be found in stagnant water within the distribution pipes. 
Pbmax = 1135 - 141 x pH + 12 X T Equation 1 
Cumax = 0. 52 x TIC - 1. 37 x pH + 0.02 x SO\~ + 10.1 Equation 2 
Where: Pbmax: Lead concentration (ng/L) of water stagnant for at least 24 hours in a 
lead pipe 
T: Temperature (°C) 
Cumax: Copper concentration (mg/L) of water stagnant for at least 24 hours 
in a copper pipe 
TIC: Total inorganic carbon content (mmol/L) 
S042": Sulfate content (mg/L) 
In the Lead and Copper Rule, the 90th percentile lead concentration is regulated at 
15 ng/L and the 90th percentile copper concentration to 1.3 mg/L. The Drinking Water 
Directive limits the average weekly intake of copper concentration to 2 mg/L and the lead 
concentration to 10 |a,g/L (EPA, Lead and Copper Rule 1992). 
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In the Netherlands, the corrosion index was developed to regulate the sulfate and 
chloride corrosion of cast iron pipes. The limit for sulfate and chloride, regulated by the 
Standard Water Regulations, is less than 150 mg/L, for the corrosion of iron, steel, copper 
and brass. The following equation is used to determine the corrosion index, which is 
regulated in Mededeling 100. 
CI = {["-M"*-]} < x Equation 3 
Where: CI": Chloride concentration (M) 
SO42": Sulfate concentration (M) 
TIC: Total organic carbon (M) 
Chloride and sulfate ions present in water may lead to pitting of metallic pipes by 
reacting with the metals that are in solution and causing them to remain soluble, and thus 
preventing formation of metallic oxide films. It has been reported that chloride is 
approximately three times more active in this affect than sulfate (Pontius 1990). This fact 
differs from the Netherlands corrosion index which puts more emphasis on the sulfate 
ion. 
The US EPA regulates corrosion under the Secondary Drinking Water 
Regulations. The regulation for corrosivity is set by the Langlier Saturation index (LSI) 
which can be seen in the following equation (EPA, Lead and Copper Rule 1992). 
LSI = pH- PHS Equation 4 
Where: pHs: (9.3+A+B) - (C+D) 
A _ <jlog10[(TDS)-l] 
10 
B = -13.12 x log10(°C + 273) + 34.55 
C = log10[Ca2+as CaC03] - 0.4 
D = logx0[alkalinity as CaC03] 
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If the LSI is less than one than there won't be a tendency to corrode where as if 
the LSI is greater than one, corrosion may occur. LSI values close to one indicate 
minimal scaling capability (EPA, Lead and Copper Rule 1992). 
Asbestos-Cement (A-C) pipes have been shown to behave similarly to cement-
mortar linings when in contact with potable water. No simple index exists for the 
prediction and behavior of corrosion for A-C pipes when exposed to waters of varying 
characteristics. Thus, few specific inhibitor formulations or water quality adjustments 
exist which can be accurately predicted to be effective without proper field testing. Along 
with the LSI, the aggressiveness index (AI) was developed as a corrosion indicator; 
however the AI has also proven to be an insufficient index and indicator for A-C pipe 
protection (Pontius 1990). 
3.2 Life Cycle Assessment 
The concept of life cycle assessment (LCA) is a relatively new technique that aims 
at quantifying the environmental implications of a process or product over its life cycle, 
or specified time frame. In the late 1960's the Resource Environmental Profile Analysis 
(REPAs) became the first to initiate the modern LCA; however, it was not until 1990 that 
a formal term of 'life cycle assessment' was proposed and agreed upon at a conference in 
the U.S. held by the Society of Environmental Toxicology and Chemistry (SETAC). 
Most applications of LCA involve investigating the total environmental load of a process 
so that an optimal choice or changes within the process can be made. LCA is also used 
internally or externally in order to communicate a comparison of products within a 
company and to the general public (Home, Grant and Verghese 2009). 
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LCA methodology requires that all relevant inputs of the process or processes 
under consideration be taken into account as well as the processes and materials required 
to produce those main inputs. The life cycle of a product involves the extraction of raw 
materials, production, transportation, operation, re-use, and final disposal (Home, Grant 
and Verghese 2009). The primary components of any LCA include defining the goal and 
scope, development of the life cycle inventory (LCI), the life cycle impact assessment 
(LCIA), and a final interpretation of the results from the LCIA. Defining the goal/scope, 
limitations and boundary conditions are important so as to make the reader aware of the 
intentions of the report and the means by which they will be achieved (Home, Grant and 
Verghese 2009). 
3.2.1 Goal and Scope 
The purpose for carrying out the LCA should be clearly defined in this section of 
the report. The intended audiences should also be indicated within the goal of the LCA. 
The structure of a LCA, which is intended for external use will be different than one 
created for the purpose of internal communication about the processes under 
consideration (Goedkoop and Oele, SimaPro 6: Introduction to LCA with SimaPro 2004). 
A truly comprehensive LCA is unachievable, in that industrial processes extend into so 
many different sectors, it's often impossible to accurately represent all aspects included 
in the life cycle of a process. Therefore a LCA does not measure actual environmental 
impact. As a result, often times LCA's are carried out in conjunction with other 
supporting pieces or themes which determine the overall sustainability (see section 
3.2.3.1) such as an assessment of water quality and financial impacts, as is the case with 
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this research. The decision and intended use of the LCA will dictate which type of impact 
assessment method will be chosen (Jensen 1997). 
The limits of the LCA should be conveyed in an unambiguous manner so as to 
avoid any confusion about the extent of the assessment. All relevant production processes 
and services required for the operation of the process during its life cycle are clearly 
defined within the scope. All components required for the transportation and delivery of a 
product should also be defined. All outputs including wastes and intended methods of 
disposal or re-use should also be identified within the scope of the LCA (Home, Grant 
and Verghese 2009). 
The functional unit of a LCA is the measure of the function of the processes under 
consideration. A functional unit is chosen for its relationship to all of the processes being 
evaluated. All of the unit processes in the drinking water treatment plant aim at treating 
certain water quality parameter(s), and therefore collectively produce the end product. 
When comparisons are being made between two or more processes, the functional unit 
also allows components which are identical in both instances to be left out of the 
assessment. This is especially useful when a full life cycle assessment isn't being 
performed and the exclusion of identical components will not affect the outcome of the 
comparison (SETAC, 1999). All process inputs will be normalized to the functional unit. 
The functional unit serves as the basis of comparison for the processes being considered 
in the LCA and should be the same for both pretreatments and all subsequent unit 
processes (Home, Grant and Verghese 2009). 
3.2.1.1 System Boundary. In conventional LCAs, the system boundary is 
framed in terms of the stages of the life cycles of the processes. Only the system inputs 
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and outputs specified within the system boundary should be included within the LCA. 
Boundaries can be as specific as the limits of a single unit process such as the burning of 
gas extracted from nature or as broad as the consumption of goods by a whole population. 
In either case, it's important to clearly state the boundaries of LCA for a precise 
evaluation and interpretation of the results (Home, Grant and Verghese 2009). Initially, 
all life cycle stages of the product should be considered. After careful review it may be 
possible to eliminate some stages depending on the intended use of the LCA (SETAC, 
1999). 
3.2.1.2 Streamlining the LCA. Often times LCA's are streamlined depending 
on the intent of the analysis. Streamlining can be achieved by limiting the scope of the 
study or simplifying the modeling processes, thus limiting the amount of data that's 
required for assessment. Typical streamlining of the LCI will eliminate some of the life 
cycle stages and simplify the overall assessment. As a rule, LCA's can be tailored to fit 
the needs of a company for which the LCA is being conducted (Todd 1999). 
In the case of this LCA, all upstream processes have been neglected. Omitting 
upstream processes means leaving out all processes just prior to final material 
manufacturing. Another form of streamlining includes only selecting those entries which 
will be used to estimate a preselected impact or issue; entries that will not contribute to 
that impact are left out. Such impacts can include irreversible environmental impacts, 
acute hazards to human health, depletion of endangered species or resources, generation 
of one or more highly toxic substances, and life cycle energy demand. Many 
environmental factors are difficult to quantify such as habitat loss or human toxicity, but 
aspects such as air emissions and energy consumption are more readily quantifiable. 
40 
Some advantages to this approach are that the results are less vulnerable and the quality 
of the data is usually stronger than other approaches (Todd 1999). 
Specific entries can also be chosen for the LCI which represent the larger unit 
process, while less significant components of the unit process are omitted. In some 
instances, accurate data for the specific component may not be readily available; in this 
case, surrogate data may be used. Surrogate data may be used when data for a selected 
component is difficult to obtain but data for a similar process is available. The surrogate 
may be used when differences between the products are suspected to be minimal and if 
the environmental impact is not significant enough to deem it responsible for the majority 
of the burden. An advantage of this approach is that data can be used where the 
component would otherwise be left out of the impact assessment all together (Todd 
1999). 
3.2.2 Data Quality and Inventory Analysis 
The quality of the data collected in the LCI has a direct correlation to the quality 
of the entire LCA. Data must come from actual operation and credible sources. 
Geographically specific data limits the universal application of the LCA, however 
acquiring data from international inventories may be time consuming and differences in 
the data may be negligible. The time reference of the data must also be considered before 
application in the LCI (Home, Grant and Verghese 2009). 
The life cycle inventory (LCI) is a result of compiling all of the environmental 
flows in and out of the processes. The inventory will provide a baseline environmental 
impact assessment of the processes in question. The inventory may be converted into 
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various environmental impacts through the use of LCA impact factors discussed below in 
section 3.2.3.1 for the use in this research (Home, Grant and Verghese 2009). 
Background data or general inventory results can be obtained through the use of 
universally accepted life cycle inventories databases, such as ecoinvent (Goedkoop and 
Oele, SimaPro 6: Introduction to LCA with SimaPro 2004). After data collection is 
completed, the results of the inventory are normalized to the functional unit. All inputs 
and outputs are now related to one another and can be accurately compared. It's 
important to decide which impact categories are being used for the specific LCA because 
in most cases this will dictate the type of data this is collected (Home, Grant and 
Verghese 2009). 
3.2.3 Life Cycle Impact Assessment (LCIA) and Interpretation 
The LCIA is the interpretation of the LCI into effects or impacts to human health, 
the ecosystem and natural resources. In the LCIA phase, the potential linkages between 
the products and processes indentified in the LCI are made between their respective 
environmental impacts. The results in a LCIA show the relative differences in 
environmental impacts for each option or process under comparison. The following list 
shows each stage of the LCIA (SAIC 2006): 
• Selection and Definition of impact categories - Identify which categories 
will be quantified 
• Classification - Translation between LCI to the relative impacts for each 
component 
• Characterization - Modeling the relative impacts into larger categories 
such as total Global Warming Potential 
• Normalization - Expressing the characterization factors in such a way that 
they can be compared in an equivalent basis 
• Grouping - Sorting or ranking the indicators or normalized factors into 
local, regional, or global impacts 
• Weighting - Putting the most emphasis on the different factors 
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• Evaluation and Reporting the LCIA Results - Gaining a better 
understanding of the results and quantifying the reliability of the analysis 
3.2.3.1 Sustainability and Carbon Footprint. The term sustainability is a term 
which can be applied to many facets of life. Social, economical, and environmental fields 
all have different ways in which the idea of sustainability applies to their sector. When 
the term sustainability is mentioned in this report, it is referring to the definition of 
environmental sustainability. The goal of environmental sustainability is to strive to 
sustain worldwide life-support systems, which refers specifically to those systems which 
maintain human health. Such resources as food, water, air, and raw materials are finite 
and when referring to environmental sustainability, these goods should be maintained 
rather than depleted. Overuse of these resources will negatively affect life-supporting 
systems (Goodland 1995). 
For the purpose of the preliminary LCA, PWN would like the impacts reported in 
the categories of cumulative energy demand as well as CO2 emissions. In traditional 
LCA's, these impacts are referred to as midpoints that can be defined as the point in the 
cause-effect chain of a particular impact category, prior to the endpoint. The endpoint 
refers to the use of characterization factors which can be calculated to reflect the relative 
importance of an emission or extraction in the LCI (Bare 2000). In a carbon footprint all 
GHG's are expressed in terms of CCh-Eq which is an indicator of Global Warming 
Potential (GWP) (Baldo, et al. 2009). 
There are multiple green house gases (GHG) which include CO2, methane (CH4), 
water vapor, nitrous oxide (N2O), and ozone (O3), and many other suspected GHG's 
some of which contain carbon. Of those GHG's, CO2 has become readily quantifiable 
because of data availability, over the previously mentioned GHG's. A carbon footprint 
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indicator includes specified GHG's, including CO2, as a method of impact assessment 
which will be used for this research. The carbon footprint of a product is the total 
emissions of CO2 and other GHGs associated with that product over its life cycle (Baldo, 
et al. 2009). 
3.2.4 Eco-Indicator 99 
The Eco-Indicator 99 impact assessment method was developed using a top down 
approach, beginning with the most difficult and controversial step in LCA, weighting. 
Damage models were developed for what the developers saw as the most important 
impact categories: human health, ecosystem quality, and resources. The following 
sections will discuss in greater detail the methodology used to determine the damage 
models. In LCIA there are three fields or "spheres" that must be addressed. The life cycle 
model is constructed in the Technosphere. The Technosphere is comprised of the 
description of the life cycle, the emissions from processes, and the allocation procedures. 
The Technosphere is in essence the result of the life cycle inventory. The Ecosphere is 
the modeling tool used to link the inventory results to the three damage categories or 
"endpoints". Finally, in the Valuesphere, the modeling of the perceived seriousness of 
the changes or damages are weighted to a single indicator score. According to ISO 
14042, this step or "sphere" cannot be used when the results of the study are to be used as 
a comparative tool which will be disclosed to the public (Goedkoop and Spriensma 
2001). 
The damage category of Human Health is modeled from the following environmental 
sources: 
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• Infectious disease, cardiovascular and respiratory disease, as well as forced 
displacement due to climate change 
• Cancer as a result of ionizing radiation 
• Cancer and eye damages due to ozone layer depletion 
• Respiratory diseases and cancer due to toxic chemicals in air, drinking water and 
food 
This damage category is reported in terms of Disability Adjusted Life Years (DALY). 
This model was developed for the WHO and World Bank to analyze the rationale of 
national health budgets. DALY is a disability weighting scale which lists different 
disabilities in a scale from 0 to 1, 1 meaning death. The number of DALY can be 
calculated if it is known how many people in Europe are exposed to a certain 
concentration of a toxic substance in air, drinking water and food (Goedkoop and 
Spriensma2001). 
The damage category of Ecosystem Quality is expressed as a percentage of 
species that are threatened or that disappear from a given area during a certain time. 
Furthermore, Ecosystem Quality is segregated into three sub categories: ecotoxicity, 
acidification and eutrophication, and land use. The sub category of ecotoxicity is 
expressed in terms of Potentially Affected Fraction (PAF) *m2*year of species in relation 
to the concentration of toxic substances in the environment. The PAF is an expression of 
a percentage of species that is exposed to a certain concentration above the No Observed 
Effect Concentration (NOEC). The sub category of acidification and eutrophication is 
calculated through what is referred to as the Probability of Occurrence (POO), which is 
the probability that a plant species will occur in a given area. The POO is related to the 
Potentially Disappeared Fraction (PDF) by the equation: PDF =l-POO. In the land use 
sub category all species are considered through the different models of the local and 
regional effects of the land occupation as well as the local and regional effects of the land 
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conversion. The damage category of Ecosystem Quality is expressed as the PDF 
*m *year. Several steps are taken to convert the PAF to the PDF*m *year (Goedkoop 
and Spriensma 2001). 
The damage category of Resources is only modeled in terms of mineral resources 
and fossil fuels. For example, as more minerals are mined, the energy requirements for 
future mining will increase due to the lower quality deposits. The damage is the energy 
needed to extract a kg of a mineral in the future, which is also quantified for fossil fuels. 
These damages are reported in terms of "surplus energy" in terms of MJ per kg extracted 
material (Goedkoop and Spriensma 2001). 
3.2.5 Energy Usage in Chemical Manufacturing and Allocation in LCA 
This section will discuss the various methods and subsequent energy demand for 
the production of the chemicals which are used in large quantities at WTP Andijk for the 
treatment of drinking water and regeneration of the ion exchange resin. The 
manufacturing of common chemicals, such ,as caustic soda and ferric chloride, and salts 
used in drinking water treatment processes consume a large amount of energy. In a report 
written by the Energy Analysis Department at the University of California Berkeley, it 
was stated that the primary energy use and associated CO2 emission from the U.S. 
chemicals sector were approximately 20% of the total manufacturing energy use and CO2 
emissions in the year 1994. 
The following chart shows the relationship between energy consumption and CO2 
emissions for the sectors which contribute the largest CO2 emissions from the chemical 
manufacturing industry in the year 2002, for the U.S. market. The relationship between 
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energy usage and CO2 emissions can be seen above in Figure 10 for various industrial 
processes. 
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Figure 10 - Energy consumption and C02 emissions from chemical manufacturing for U.S. 
market in 2002 (Worrell, et al. 2000) 
Allocation, in LCA, can be defined as the distribution of environmental burdens 
and the material and energy flows to and from the technological activity between the 
products for which the activity is used, and is often a methodological problem. The 
problems with using allocation occur when technological activities provide different 
functions for different products and often a decision must be made as to how much of the 
burden should be placed on the product or process in question. As there are no strict 
regulations as to how one must allocate the impact in LCA, often times allocation will 
depend on the purpose of the LCA (Ekvall 2005). Allocation can be easily altered for the 
boundary conditions of the LCA with software tools but can otherwise be an arduous 
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task. ISO states that allocation should be avoided whenever possible but in the case 
where it is necessary is should be based on mass, stoichiometry, or economic value. 
3.2.5.1 Sodium Hydroxide. Caustic Soda is one of the most commonly used 
chemicals in the drinking water industry. Along with chlorine, it also happens to be one 
of the most energy, specifically electricity, intensive inorganic chemicals to produce. The 
process of manufacturing NaOH begins with electrolysis of a sodium chloride solution 
using one of three cell types: mercury, diaphragm or membrane cells. The primary raw 
material used for the production of NaOH is common salt, which is pumped with high 
pressure from deposits below the ground. Within the US sector, mainly diaphragm cells 
are used, while in Europe, mercury and membrane cells are more popular (The Dow 
Chemical Company 1995-2011). 




 •* Cl2{gas) H2{Gas)+NaOH(aq) ^ 
In the diaphragm cell, NaOH diffusion towards the anode is prevented. The 
diaphragm wall allows for the slow passage of the brine solution and the free passage of 
the sodium ions. The diaphragm cell separates the chlorine from the hydrogen gas. As the 
hydrogen ions are separated and discharged, hydroxide (OH) ions accumulate on the 
cathode, which mix with the aqueous solution of sodium ions to produce sodium 
hydroxide. The volume of solution in the anode sections is higher than in the cathode 
section so that the tendency for back migration is lessened (Chenier 1986). The chlorine 
gas that is also formed through the diaphragm cell rises out of the salt mixture and is 
trapped at the top of the capped cell. Diaphragm cells require a large amount of thermal 
energy to operate but can be cheaper than mercury cells when steam costs are low (Reed 
Business Information Limited 2011). 
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The mercury cell functions by the discharge of sodium to a sodium mercury 
amalgam and the chloride ions in the form of chlorine. The mixture flows to a separate 
chamber where it mixes with water to form NaOH and hydrogen gas. Mercury cells are 
less expensive than diaphragm cells but mercury must be removed from the effluent after 
production (Reed Business Information Limited 2011). 
The mercury cell has no diaphragm but instead has two separate compartments. 
Chloride oxidation occurs in the dimensionally stable anodes, located in the electrolyzing 
chamber. The cathode is a sodium amalgam that flows across the steel bottom of the 
chamber. The cathode reaction involves the reduction of the sodium ions to the metal. 
Similar to the diaphragm cell, chloride in trapped within the cell cap (Chenier 1986). 
Membrane cells are growing in popularity because of the environmental appeal, 
lower capital and energy costs, and the end product being of higher quality than other 
methods of production. The membrane cell is a newer type of diaphragm cell. Usually the 
membranes are made of perfluorinated polymers with occasional sulfonate and/or 
carboxylate groups. The anionic group almost completely inhibits the flow of hydroxide 
ions from the cathode, while at the same time letting the current flow in the form of 
sodium ions (Chenier 1986). 
3.2.5.2 Ferric Chloride. Ferric chloride is mass produced by the exothermic 
reaction between ferric oxide and hydrochloric acid, seen flow in Equation 6. 
Fe203 + 6 HC1 - • 3 H20 + 2 FeCI3 Equation 6 
A reactor is fed with both of the reactants and when it is 30% full it is stirred and heated, 
although the reaction itself is exothermic. The reaction between ferric oxide and 
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hydrochloric acid occurs between 80-90° C under 1 bar absolute pressure and will take 
approximately 5 hours to complete. The mixture will remain in the reactor for 
approximately 11 hours to ensure that all sedimentation of excess ferric oxide has 
occurred (Solvay 2010). 
3.2.5.3 Vacuum Salt. The type of NaCl used in the regeneration of the ion 
exchange resin the called vacuum salt and is produced through the process of 
evaporation. Saline water is pumped through a pipeline into salt chambers; here the 
solution becomes saturated with salt to form brine. The brine is then pumped to a facility 
where the water is evaporated under a vacuum until only salt grains remain. The product 
is on average 99.9% pure. The process requires a high pressure, up to 10 bar to condense 
the steam required for evaporation (Sedivy 2008). 
3.3 Life Cycle Cost Analysis 
Life cycle costing (LCC) is an economic tool which takes into account all aspects 
of owning, operating, maintaining, and disposing of a certain asset over a given period or 
useful life of the of the product. LCC bridges the gap between environmental 
implications and economic interests. Both economic strategies and environmental 
concerns must be implemented in such a way that allows for sustainable development to 
take precedent (Hunkeler and Rebitzer 2003). In recent years the theory that companies 
should trace their own activities, as well as the companies related to their life cycle 
activities, in order to gain insight about beneficial product change, and material or 
process changes has gained popularity. This activity allows for LCC and LCA to be 
carried out in similar approaches (Settanni 2008). LCC is implemented when two 
processes can be used to achieve the same outcome, but have different economic 
50 
consequences. LCC is employed in order to take into account the various functions of 
two or more systems and their respective materials, and compare all aspects individually 
for the purpose of achieving the lowest life cycle cost for the final design (Hall 2001). 
Aside from its relationship with LCA, LCC is the calculation of the financial 
consequences of environmentally relevant decisions that are carried out throughout the 
products useful life. Performing a LCC assessment of a product will potentially reduce 
the cost incurred by the owner and when using it in conjunction with LCA, LCC becomes 
a complementary tool that will further aid in the decision of process implementation 
(Settanni 2008). 
3.3.1 Investment 
Investments costs are the total costs associated with the development of the plan 
for the drinking water treatment plant. The investment costs will be paid back through the 
preparation and construction period of the project, up until the moment plant operation 
commences (P. e. de Moel 2006). Investments costs do reappear throughout the operation 
period of the project as well. Investments costs during operation include replacement of 
major parts or plant expansion. The investment costs make up the basis of the capital cost 
of the project (de Moel, 2006). 
In order to calculate the capital cost of the two proposed pretreatment processes a 
method of costing must be established. The annuity depreciation method is often 
employed in the case of larger drinking water treatment plants, as is the case at WTP 
Andijk (P. e. de Moel 2006). The first few years of payments will mainly consist of 
interest while the payments towards the end of the useful life of the project primarily 
consist of depreciation value. Annuity depreciation gives a better distribution of fixed 
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costs than the linear depreciation method, where annual depreciation equals capital 
depreciation. Depreciation is an annual reduction in the value of the initial cost of an 
asset, over the useful life of drinking water treatment plant. The time it takes to earn that 
amount back is referred to as the depreciation period. In drinking water treatment, 
depreciation periods can be relatively long. Ideally depreciation periods will equal the 
technical life of the asset (P. e. de Moel 2006). 
3.3.1.1 Construction and Installation. Construction costs include all aspects of 
civil, mechanical, electric and technical work as well as process automation. Construction 
costs will include assumed payments to the contractor, cost of work for any third parties, 
cost of materials, and grounds costs for the property. General facilities costs include 
necessities for the building such as laboratories, a kitchen and reception area. The cost of 
construction is usually between 2-5% of the cost of the project investment (P. e. de Moel 
2006). 
Installation costs of the water treatment and supply equipment make up the largest 
portion of the construction costs for a water production plant. Smaller installation costs 
such as furniture, laboratory equipment, sampling equipment, etc, make up a smaller 
portion of the total investment. In general the cost allotted for installation of various 
items within a new facility will amount to between 1-3% of the investment costs. 
Additional costs for the supervision and preparation of a project make up the largest 
portion of investment of the project and ranges between 15-25%, in most cases (P. e. de 
Moel 2006). 
Since the construction of a drinking water treatment plant consists of civil 
structures, mechanical installations, electrical installations and instrumentation, and 
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controls, a separate price index must be determined for these separate aspects, with 
regards to the cost of construction. For example, the civil construction will vary 
depending on the gradual increase in wage and the price of the control installations will 
differ depending on the relative price decrease of electronics (P. e. de Moel 2006). The 
following table shows the percent contribution, to the total cost of construction of a water 
treatment, from the different aspects of construction (Bakker 2009). 













The interest incurred during construction is directly related to the economic 
interest rate and the duration of construction. Below is a table of varying construction 
interest rates which shows the relationship between the year and economic interest rate. 
Table 2 - Duration of construction related to economic interest rate (Bakker 2009) 
Project Duration 
6% 
Economic Interest Rate 
7% 8% 9% 10% 15% 







3.2 3.7 4.1 4.6 
6.7 7.7 8.6 9.6 




Any additional costs will primarily include the costs for preparation and supervision of 
the project (P. e. de Moel 2006). These will include internal costs incurred by PWN and 
any costs for the outside consultant's work. 
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Drinking water companies are exempt from value added tax (V.A.T.), therefore 
all investment costs are given excluding V.A.T. Inflation must be taken into account 
when calculating the cost of an investment. The inflation is measured as the increase in 
the consumer's price index (CPI) relative from one year to the next (P. e. de Moel 2006). 
3.3.1.2 Scale factor. The capacity of the plant in large part determines the 
investment cost of the project. A cost function can be determined between investment 
cost and variations in capacity. The relationship between investment cost and capacity are 
usually formulated by the following equation: 
K = a(capacity~)b Equation 7 
Where: K = Investment cost 
a = cost factor 
b = scale factor 
The scale factor is determined by the following relationship: 
Kt _ \<jcapacityi)lb , , * • « , 
T7~ ~ \~r : d Equation 8 
K2 \.{capacity2)i 
The role of the scale factor on the investment cost, according to the capacity of 
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capacity 
b = i.o b = o.7s b = 0.5 
Figure 11 - Relationship between investment cost and capacity for different scale factors 
(P. e. de Moel 2006) 
A scale factor of 1.0 indicates a linear relationship between capacity and 
investment cost; this usually occurs when more of the same elements are needed for the 
same plant as in the case of membrane filtration. A scale factor of 0.6-0.7 occurs for 
process parts that increase in size as the capacity increases (P. e. de Moel 2006). 
3.3.2 Operational Costs 
Operational costs are divided into five different categories, fixed, energy 
(including water), maintenance, administrative costs, and specific operating costs. Fixed 
costs include such items as, interest from acquiring the land, gross civil construction 
costs, gross electrical construction costs and gross development costs. Minor fixed costs 
will include items such as annual lease, taxes, and insurance. Operational costs include all 
of the costs that were made or will be made in order to use an asset. The sum of all of the 
operational costs per component will equal the sum of the total operational costs of the 
treatment plant (P. e. de Moel 2006). The following tables shows the percentage 
maintenance which needs to be performed for the civil, mechanical, electrical structures 
and installations in a typical water treatment plant. 
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Table 3 - % of structures and installation costs alloted for maintenance costs for each 
construction category (P. e. de Moel 2006) 








Operational costs are calculated on an annual basis and in the case of drinking 
water treatment plants, are exempt from V.A.T. Capital costs represent the cost for 
interest and replacement reserves. The cost of interest includes the actual amount paid 
back for loans as well as the cost of using equity capital (P. e. de Moel 2006). The 
annuity depreciation method calculates the capital cost, which is the sum of interest and 
depreciation, as constant over the depreciation period, and expresses capital cost in terms 
of annual payments. In the annuity method of depreciation, the project is financed with a 
loan carrying a certain amount of interest which will need to be paid off along with the 
interest over the lifetime of the treatment plant. The payments are divided into two 
separate installments, project depreciation and interest. The interest rate is the factor 
which determines the amount of interest that will be paid off at the end of each year for 
the previous year. In this method, the first years carry the highest costs allocated for 
interest and the end of the project is primarily depreciation. A visual representation of 
this concept can be seen below in Figure 12 (P. e. de Moel 2006). 
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depreciation m interest year 
Figure 12 - Development of depriciation and interest with annuity depricaition 
The longer the depreciation period the greater effect interest has on the capital 
cost of the project. The annuity depreciation method for calculating capital cost is most 
commonly used when comparing two treatment alternatives (P. e. de Moel 2006). 
Consumables are all of the goods that are used for the operation of different 
treatment processes. General maintenance materials are not included in the cost of 
consumables. The consumable costs also include costs such as energy and water, 
chemicals, replacement costs for parts of the treatment processes, and waste disposal (P. 
e. de Moel 2006).The cost of maintenance includes the costs for repair and replacement 
of parts of certain installations within the depreciation period. The useful life of an asset 
greatly depends on the degree of maintenance performed for that asset (P. e. de Moel 
2006). 
Specific operational costs include operating costs for staff and cost for facilities 
for the staff as well as quality monitoring which includes laboratory costs and cost for 
optimization research. As a rule, often 2% of the investment cost is allotted for both 
operating costs and quality monitoring. 
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3.3.3 Net Present Value 
The net present value costing method is often used when alternatives need to 
evaluated with respect to total life cycle cost. Calculation of the net present value along 
with the annual operational costs of the two alternatives will allow for accurate financial 
comparison. The net present value is the total sum that would be paid at the 
commencement of a project, assuming all of the costs have to be paid at once. When 
comparing alternatives, it's important to distinguish the useful life of the projects as 
opposed to the respective depreciation period. The useful life of a treatment plant is 
typically 30-40 years. The useful life becomes important when comparing the net present 
values, as useful lives may differ (P. e. de Moel 2006). 
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CHAPTER 4 
MATERIALS AND METHODS 
The following section describes the methods and materials which were used to 
determine the water quality, preliminary and detailed LCA, and costs of the conventional 
CSF and SIX/CeraMac pretreatments. 
4.1 Water Quality Assessment 
A water quality index will be used for a quick yet informative assessment of the 
water quality as a separate entity from the LCA (Tapia 2006). The water quality of the 
effluent from the different methods of pretreatment will be evaluated in the quality index. 
Those parameters which have the greatest affect on the efficiency of the UV/H2O2 and 
the GAC filtration will be analyzed. Water quality parameters which also affect the 
integrity of the finished water and distribution network will also be evaluated. If the 
quality is to be measured with specific parameters for every unit process, then the quality 
parameter values of the alternative unit processes must be evaluated against the values 
obtained with the current processes (Tapia 2006). Table 4 indicates the quality index 
score for each unit process. The total sum of the scores that are obtained for each unit 
process is divided by the total number is parameters being evaluated. Table 5 indicates 
process scores, with respect to a comparison to the current processes. 
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Table 4 - Quality assessment compared to current conditions 
Reduces the current concentration or value 
Does not change the current concentration or value 












Greatly exceeds current 
Color Code 
Better than current 
No change 
Worse than current 
This LCA is modeled after the concept of attributional LCA not consequential. 
Therefore the impact of a process replacement or addition on the rest of the treatment line 
is outside of the scope of this research with regards to the preliminary LCA. 
4.1.1 Het Waterlaboratorium N.V. Haarlem 
Het Water Laboratorium performed the analysis for all water quality parameters 
discussed in the report unless indicated otherwise. Het Water Laboratorium N.V. 
Haarlem (HWL) is a professional laboratory that is independent of PWN. HWL is the 
third party laboratory that performs analyses that the in-house laboratory is unable to 
perform. 
HWL is accredited nationally by the Nederlands Normalisatie-instituut (NEN or 
Dutch Standardization Institute) and internationally by the International Organization for 
Standardization (ISO). The facility was accredited under NEN-EN-ISO/IEC 17025:2005 
during this study until January 1, 2011. For the sampling standards and procedures used 
at HWL and its official accreditation, see APPENDIX E. 
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4.1.2 Relationship between %UVT254 and DOC for WTP Andijk 
The %UVT254 is an important parameter when addressing the energy efficiency of 
the AOP. The O&I department at PWN has developed a relationship between influent 
DOC concentration and subsequent %UVT254 readings for WTP Andijk. This has proven 
to be a convenient tool since %UVT readings can be taken quickly and easily while DOC 
analysis is more time consuming. The figures below show the relationship between DOC 
and %UVT254. The figures below were developed by Erik Koreman of PWN. The 
concentration of DOC was sampled after enhanced CSF pretreatment at WTP Princess 
Juliana during the spring and summer of 2010. 
Figure 13 - Left: Relationship between high concentration of DOC low %UVT254, Right: 
Relationship between low concentration of DOC and high %UVT254 
4.2 Life Cycle Assessment 
Currently, there are no formal regulations on conducting a LCA. The International 
Standards Organization (ISO) developed the standards 14040 and 14042, describing what 
will be accepted as a credible LCA within the scientific community. ISO 14040 outlines 
the guidelines for conducting a life cycle assessment and ISO 14042 outlines the 
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guidelines for conducting the life cycle impact assessment stage of a LCA. The 
guidelines of ISO 14040 and 14042 were followed throughout all stages of both LCAs. 
Ecoinvent database was used wherever possible for the preliminary as well as for 
the detailed life cycle inventory. In cases where data was not available within the 
Ecoinvent database, other accepted LCI databases were used. The inventory data for the 
conventional CSF was based on the design for the replacement of WTP Andijk, in 
addition to data taken from the existing CSF water treatment plant. For SIX/CeraMac 
pretreatment data was taken from full scale pre-design in conjunction with pilot data. 
4.2.1 Data Inventory 
Design criteria were derived from the pre-design of WTP Andijk for both CSF 
and SIX/CeraMac pretreatment (Witteveen+Bos). All of the operational data for the 
proposed CSF pretreatment was collected from current operation practices at WTP 
Princes Juliana (WPJ) and WTP Andijk. All inventory data evaluated in both the 
preliminary and detailed LCA can be found in APPENDIX B. The process design data 
for SIX/CeraMac was obtained from pilot operation which has been conducted over 
several years. Additionally, an inventory of the treatment of the regeneration fluid waste 
stream was made for the ion exchange process. All of the data was normalized to 1 m3 
(1000 kg) of produced water. All of the data was evaluated in the preliminary LCA as 
well as the detailed LCA. Additional data included in the detailed LCA will be described 
later in this report. 
Where G-values are indicated in the assumptions column, the root mean square 
velocity gradient was used to calculate the power consumption of the treatment 
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component. The following equation shows the power in terms of the velocity gradient 
(Crittenden 2005). 
P = G2 XfixV Equation 9 
Where: P = power of mixing input to vessel, J/s 
G = global RMS velocity gradient (energy input rate), s"1 
u = dynamic viscosity of water, N-s/m2 
V = volume of mixing vessel, m3 
The two different pipe diameters for the concentrate from nanofiltration and the 
brine solution from MVR were calculated using the two different flows and the two 
different liquid velocities for the nanofiltration concentrate and MVR brine respectively. 
A minimum velocity of 1.5 m/s was selected for the nanofiltration concentrate and 2.5 
m/s for the MVR brine. Once the area of the pipes was found, the subsequent inner pipe 
diameter could be calculated. The Reynolds number, seen below, was calculated to 
determine whether the flow in pipes were laminar or turbulent for both scenarios. 
Re = Equation 10 
Where: Re = The Reynolds number (ReD<2300, laminar flow; ReD>4000) 
V = Mean fluid velocity (m/s) 
D = Hydraulic diameter (m) 
N = Kinematic viscosity (m2/s) 
In order to find the hydraulic gradient, the friction factor or A. needs to be 
determined. The Moody datagram was used to determine the friction factor with the 
known Reynolds number and the appropriate pipe roughness coefficient. Once the 
friction factor is found, the following hydraulic pump equation can be used to find the 
power consumed by the pump for each disposal scenario. 
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p _ «^
 x pUTnp efficiency Equation 11 
Where: P = Pump power (kW) 
Q = Flow capacity (m3/hr) 
p = Density of fluid (kg/m3) 
g = Gravity (m/s ) 
h = Differential head (m) 
Pump efficiency = 0.85 
The areas of both pipes were calculated assuming the pipe would flow 50% full 
on average. 
4.2.2 Ecoinvent Database 
The Ecoinvent database is one of the world's largest recognized life cycle 
inventory databases that is used in the industry. The database holds more than 4,000 LCI 
datasets, and generates generic inventory data which was then used in conjunction with 
the specific energy mix of the Netherlands and the countries where certain treatment 
chemicals or materials are produced to establish the cumulative kg C02-equivalence. For 
the purpose of this research, all electricity in kilowatt hours (kWh) and other energy 
requirements such as natural gas (MJ), which are necessary to produce the chemicals or 
materials, were taken from the Ecoinvent inventory unless otherwise indicated. The 
inventory was complied by international research institutes and LCA consultants. For this 
purpose of the preliminary LCA, data will only be collected from the Technosphere, 
specified by Ecoinvent as the external materials, fuels, electricity and energy from other 
processes required to produce that product of interest (Ecoinvent 2010). Items which 
could not be found in the inventory were obtained from other sources discussed further in 
this report. The energy required for production of treatment materials was calculated on 
an annual basis. Once the annual chemical consumption is found, that number is 
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multiplied by the corresponding kWh/kg or MJ/kg to find the annual energy consumption 
for the production of that chemical. Below is a table indicating the amount of energy 
required to produce 1 kg of the chemicals used in conventional CSF pretreatment. 









There are three primary methods that can be employed to produce caustic soda. 
Solvay Chemicals, the company that produces the caustic soda used at WTP Andijk, 
utilizes the membrane cell method of production, which is the least energy intensive of 
the three. The current dosing regime implemented at the pilot facility for the SIX 
installation was linearly scaled to the future flow along with various other assumptions 
listed in APPENDIX B in order to find the yearly consumption. Below is a table 
indicating the amount of energy required to produce 1 kg of the resin and other 
chemicals. 
The energy required to produce the anionic strongly basic resin was taken from 
the ecoinvent database. The actual energy required to produce Lewatit VPOC 1071 may 
differ; however, the number indicated above will represent the resin currently used with 
the pilot installation and if a new resin were to be used in the future. 
1
 Personal correspondence with Hoersken, A. from Lanxess 
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Table 7 - Energy required for production of chemicals and resin used in SIX/CeraMac 
Substance 
Anionic strongly basic resin 
2NaCl 
HAc (98%) 













The energy required to produce the treatment materials for both pretreatments 
were also calculated. The tables below indicate the amount of energy required to produce 
1 kg of material. 






























PolySulfone is a typical membrane media found in the nanofiltration modules. 
The energy required to produce the polySulfone was estimated from a schematic in a 
report written by (Meijers 1996) indicating the amount of each component required to 
2
 (Sedivy 2008) 
3
 (Harding, et al. 2007) 
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produce 1 kg of the material. The energy required to produce the components were taken 
from ecoinvent and used to estimate the total amount of energy required to produce the 
end product. 
If the mechanical vapour recompression processes is used following 
nanofiltration, it will consume 20 kWh/m3 of concentrate to operate (Turek 2009). The 
energy required to construct the pipe was calculated using the energies for PHB indicated 
above. 
The following table indicates the energy required to produce 1 kg the chemicals 
dosed prior to pretreatment and after pretreatment in both cases. 
Table 10 - Chemicals dosed in both pretreatment scenarios 
Chemical 
co2 















NaClCh (assume 100%NaClO3) 
0.33 
5.5 
Currently CO2 is dosed in the reservoir to increase the low bicarbonate 
concentration found in the influent. It is suspected that C02 cannot be dosed prior to SIX 
because it will adsorb to the resin. Independent of the location of dosing the 
concentration of CO2 will not change. 
Chlorine dioxide is dosed just prior to distribution sodium chlorite, NaC102 and 
hydrochloric acid, HCl are mixed on site to produce this compound. The amount of 
energy required to produce NaClCh and HCl were used to calculate the amount of energy 
required to produce the end product. The energy estimated to produce NaClC^ was done 
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using the surrogate chemical NaClCh, as NaC102 was not available the Ecoinvent 
database. 
Granular activated carbon must be regenerated periodically to ensure proper 
filtration. In conventional CSF, GAC is regenerated on average every one and a half 
years. It is proposed that with SIX/CeraMac pretreatment, GAC will have to be 
regenerated once every two years as a result of the enhanced effluent water quality. 
Further research will need to be performed in order to validate this assumption. The 
amount of energy required to thermally regenerate the GAC is 40 MJ/kg4. This number 
includes the energy required to thermally reactivate the carbon as well as the addition of 
fresh carbon. On average 10% of the carbon is lost during the regeneration process. The 
addition of the carbon lost in regeneration was accounted for in the model. 
4.2.3 Transportation 
The transportation requirements were based on current shipment practices at 
PWN. All transportation distances have been calculated on a roundtrip basis from 
production to distribution then from distribution to WTP Andijk; which is also true for 
data collected for SIX/CeraMac pretreatment. If only one location is indicated then both 
production and distribution take place at this location. Most treatment chemicals are 
transported by truck while the high consumption of caustic soda (NaOH) and the salt 
used in regeneration (NaCl) are more cost efficiently shipped by boat. Each mode of 
transportation has a different fuel efficiency and fuel energy content. The fuel efficiency 
of a diesel truck is assumed to be 0.4 L/km. Diesel fuel has an energy content of 9.77 
kWh/L (Gerilla 2000). The energy consumption and GWP of a cargo ship greatly 
4
 Personal correspondence with Dikkenberg, Jan van, March 2010 
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depends of the power of the engine and the travel time. The fuel efficiency of a mid-sized 
cargo ship has a fuel efficiency of 0.195 kg/kWh (Corbett and Koehler 2004). Marine 
diesel fuel has a higher energy content of 11.9 kWh/kg (Ziegler and Hansson 2002). 
These assumptions are the basis of the calculations of kWh and GWP for the 
transportation of chemicals, resin, and other treatment materials. 
Since transport by ship is highly variable a relationship was developed from data 
obtained referring to cargo load and engine power, provided by the company VTR5. The 
calculations for kg CO2 equivalence were performed assuming the ship was at full 
capacity. Below is the graph showing the relationship between cargo load and engine 
power so that more accurate estimations could be made about the various loads and 
subsequent power of the various ships. This relationship was used to calculate the 
kWh/m3 for transport of the ceramic membrane modules from Japan as well as the 
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Figure 14 - Relationship between capacity of cargo ship and power of engine 
Personal correspondence with de Jong from VTR, April 2010 
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4.2.4 Translating cumulative energy demand to GWP 
The total consumption in kWh per parameter of each unit process was translated 
to GWP. It is important to distinguish kWh of electricity and kWh from other energy 
sources such as natural gas, oil or coal because the GWP will differ with each energy 
source. Below a table indicating the various kg C02-Eq for each country where a product 
or material is made and subsequently used at WTP Andijk, as well as the kg CO2 
equivalence emitted from a litre of diesel fuel and kg of marine fuel. 
Table 11 - GWP for primary energy generation and use of diesel and marine fuel 































see APPENDIX B 
(Gerilla 2000) 
(Endresen, et al. 2003) 
Since the electricity mix of each country varies, the specific energy mix of each 
country needed to be used. A specific electricity mix GWP was derived for The 
Netherlands, Germany, France, Belgium, and Japan, all places where either a chemical or 
treatment material used at WTP Andijk is produced. 
Below is a table showing the energy mix of The Netherlands. The other energy 
mixes for each country can be seen in APPENDIX B. 
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Table 12 - Renewable and non-renewable energy mix of the Netherlands in the year 2007 
The Netherlands Energy Mix 
Total Electricity Generation 




% of Total 
Electricity 
% of Total 
Renewables 























Renewables Generation Breakdown 
























The "other power stations" was subtracted from the total electricity generation 
since this component could not be attributed to any certain source of energy generation. 
All operational electricity requirements were multiplied by the energy mix of The 
Netherlands. 
The biodenitrification process directly omits CO2 as well as nitrogen gas (N2) into 
the atmosphere. This influence from direct CO2 emissions should be considered, although 
its contribution does not come from the use of energy but does contribute to the GWP. 
The total mass of NO3" was calculated according to the % NO3" removal of the SIX. This 
loading was then converted to molality. The molality of NO3" was used in conjunction 
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with the stoichiometric coefficient for the denitrification stage with respect to mol 
CCVmol NO3 which is 1.25 , to find the molality loading of CO2. Finally the molality of 
CO2 was converted to mass per time in relation to the total influent flow which can be 
seen below in Equation 12. 
C02 Emissions = 9-^- x 62 —9— x 125™°'C_°2 x 4 4 — £ - Equation 12 
* hr molN03 molN03 molC02 
4.2.5 Sensitivity Analysis 
All individual steps of the entire treatment process were separated into individual 
components that make up that process, such as production of the chemical, transport, 
operation, etc. The individual component which contributed the largest to the treatment 
step was evaluated for its sensitivity. This specific component was changed by 5%, 10%, 
15%, and finally 20% in the positive and negative direction for the preliminary LCA. For 
the detailed LCA, sensitivities were evaluated from 1% to 100% in the positive and 
negative direction. After changing each individual component, thus altering the total for 
each step, the total for the treatment processes was calculated for each percent change 
respectively. From these series of steps a single value for sensitivity, %S can be 
calculated be the following equation. 
Cfijy-fio) 
%5 =
 ( "_" } X 100 Equation 13 
?o 
Where: RN: New output 
Ro: Old output 
PN: New input 
P0: Old input 
6
 (Koreman and Hoogenboezem 2011) 
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The larger the value for %S the greater impact that component could potentially 
have on the entire process if it were to be different than the number that is currently being 
used. 
4.2.6 SimaPro and Eco-Indicator 99 
SimaPro LCA software was chosen for the detailed LCA. SimaPro allows the user 
to model complex processes and systems from a life cycle perspective. Ecoinvent as well 
as a variety of other LCI databases can be found within SimaPro along with multiple 
LCIA methods such as Eco-Indicator 99. The makers of Eco-Indicator 99 state that 
difference between ISO 14042 and their method are minimal. A detailed description of 
this statement can be seen in APPENDIX D. As stated earlier in this report Eco-Indicator 
99 was chosen as the impact assessment method because it is widely used in European 
LCAs. Results from Eco-Indicator 99 can be presented at the midpoint (characterization 
factors) or at one of two endpoints (damage assessment and the Eco-Point). End point 
results cannot be reported for public comparison, as a marketing tool or ecolabelling due 
to a lack in the transparency, if the ISO standards are to be followed (Goedkoop and 
Spriensma2001). 
The general framework of Eco-Indicator 99 consists of modeling impacts with 
respect to three different fields, the Technosphere, the Ecosphere, and the Valuesphere. 
The Technosphere is compilation of the LCI and the emissions from processes. The 
Ecosphere involves modeling the damages or changes that occur within the environment 
due to the life cycle impacts of the processes that are modeled. Modeling impacts in the 
Ecosphere is a form of endpoint modeling. The Valuesphere is the modeling of the 
perceived seriousness of the damages, as well as the management of the modeling 
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choices that are made in both the Technosphere and Ecosphere. Weighting factors are 
used to weight the three endpoints (damage categories) to a single indicator score (Eco-
Point) (Goedkoop and Spriensma 2001). 
The Eco-Indicator 99 impact assessment method uses the concept of cultural theory 
within the model to thoroughly assess the user's subjectivity. The figure below shows the 
five basic archetypes of cultural theory. Within Eco-Indicator 99 only the Egalitarian, 
Individualist and Hierarchist are modeled. A detailed comparison of the three archetypes 
can be seen in APPENDIX D. 
Strong binding to 










Weak binding to 
'external" grill 
Figure 15 - The grid-group dependency of the five archetypes in Cultural Theory 
All results reported in the body of this report will be from the hierarchical stand 
point. This is recommended as the default version by the creators of Eco-Indicator 99. In 
the Heirarchist viewpoint, only those facts that are backed by scientific and political 
bodies with sufficient recognition are included in the model. The Hierarchical attitude is 
widely accepted in the scientific community, and among policy makers (Goedkoop and 
Spriensma 2001). 
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4.3 Cost Analysis 
A life cycle cost analysis was performed in conjunction with the environmental 
impact assessment and water quality analysis. The methods used to determine the costs 
will be discussed in the section. 
4.3.1 Investment Costs 
The capital costs for the construction of a new conventional pretreatment design 
have been carried out by the outside consulting firm, Witteveen + Bos, in partnership 
with PWN Technologies. The scope of this analysis stretched farther than the boundary 
conditions of this research. All investment costs relating to the full design of the proposed 
pretreatments were evaluated; this includes materials which are common to both 
scenarios. Construction costs which will be included in this research for conventional 
pretreatment include: pumping, microsieves, coagulation/flocculation, lamella plate 
sedimentation, RSF, and chemical storage buildings. 
The investment cost analysis performed by Witteveen + Bos was done through 
the life cycle cost approach. The following table outlines the assumptions made in this 
analysis. 
Table 13 - Assumption made in CSF investment cost calculation 




















The following equation will be used to determine the annual deprecation values 
that will be paid back each year for CSF pretreatment, for the three construction 
categories listed in the table above. 
„
 n [«l+»N] 
Where: A = Annual Payment 
P = Present Value 
i = Interest rate 
N = Depreciation period 
The investment costs for the SIX/CeraMac pretreatment were determined through 
regression analysis. Equation 15, seen below, was developed so that multiple capacity 
scenarios could be investigated for all treatment components. 
C = A + B * Qc Equation 15 
Where: C = Building cost 
A = Costs independent of capacity or size 
B = Multiplicative factor 
Q = Capacity 
c = Scale factor 
The scale factor is an indication of how close the relationship is to being entirely 
linear. When c = 1, the relationship is linear and the normative parameter does not have a 
great affect on the cost of the process at different capacities. 
For universal application the cost polynomial was developed using their different 
flows: 500 m3/hr, 1,600 m3/hr and 5,000 m3/hr and because the final design flow has not 
been determined for the future upgrade to WTP Andijk as of yet. 
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4.3.2 Operational Costs 
Unlike the investment cost analysis, the operational cost assessment was only 
performed within the boundary conditions of the LCA indicated above in Research 
Tasks. The operational cost calculations were performed using Microsoft Excel. All costs 
for chemicals and materials, operation of processes, and maintenance. The yearly 
consumption of chemicals for conventional CSF and SEX/CeraMac can be seen in 
APPENDIX B. According to Europe's Energy Portal, the cost for electricity used for the 
operation of industrial processes is 0.099 €/kWh. The cost for traditional transport by 
truck is 140 €/hr while the cost for transportation of materials by boat is 125 €/hr. 
Activated carbon regeneration cost 285 €/m3 for both CSF and SIX/CeraMac 
pretreatment. This cost includes regeneration of the spent activated carbon, the addition 
of the 10% loss in carbon during regeneration, and transportation of the spent and 
regenerated carbon to and from WTP Andijk. 
Table 14 indicates the cost for each chemical used in CSF as well as the cost for 
acceptance of the sludge. Table 15 shows the operational costs for chemicals and 
materials used for SIX/CeraMac pretreatment. 
Table 14 - Costs of chemicals and sludge acceptance for CSF pretreatment 


















Visser, M; PWN 
Oudshoorn, F; Linde Gas 
Visser, M; PWN 
Visser, M; PWN 
Visser, M; PWN 
Visser, M; PWN 
Visser, M; PWN 
Witt+Bos Report (28/1/10) 
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Same as CSF 
Same as CSF 
Galjaard, G; PWN 
RWB 
Brenntag 
Same as CSF 
rosystems.com 
Visser, M; PWN 
Same as CSF 
If the final waste streams from either nanofiltration or MVR are to be transported 
via pipe or another form of transportation to the WWTP, certain fees must be paid for the 
disposal of the fluid. One point is equivalent to 650 kg of waste per regulated compound. 
The waste being disposed from nanofiltration or MVR is regulated for BOD, chloride, 
and sulphate. The following table shows the concentration of the appropriate compounds 
and the yearly production. 
Table 16 - Concentration of compounds found in both waste streams regulated by Dutch 





















RESULTS AND DISCUSSION 
5.1 Water Quality 
In the following section, the water quality assessment for both conventional CSF 
as well as SIX/CeraMac pretreatment will be presented for a limited number of 
parameters, discussed previously in Chapter 2 (section 2.4) of this report. 
5.1.1 Parameters Associated with Filtration Processes 
The concentrations of TSS, turbidity, and iron present as a result of coagulation, 
should be reduced through RSF and ceramic microfiltration. The following figure shows 
the seasonal variation in TSS concentration found in the raw water and from CSF and 
SIX/CeraMac treated water from 2007 until early summer 2010. 
No pilot plant TSS data is available after SIX/CeraMac. The data points in this 
figure represent commonly accepted literature values (Crittenden 2005). Both RSF and 
microfiltration reduce the concentration of TSS from the influent water. In contrast to 
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Figure 16 - TSS Concentrations found in raw water, CSF treated water and SIX/CeraMac7 
treated water (2007-2010) 
In the table below the minimum, maximum and average concentrations of TSS 
found in raw water, CSF and SIX/CeraMac treated water can be seen. On average the 
concentration of TSS after CSF and SIX/CeraMac will remain below detection level. 
Table 17 - Minimum, maximum and average concentration of TSS in raw water, CSF and 
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80 
The following figure shows the seasonal fluctuation in the concentration of 
turbidity indicated by the raw water. Effluent concentrations of turbidity from CSF 
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,10 . Figure 17 - Turbidity readings found in raw water, CSF and SIX/CeraMac treated water 
(2008-2010) 
Figure 17 shows the relationship between raw water and CSF treated water with 
respect to variation in turbidity readings. Seasonal peaks in raw water turbidity readings 
are reflected in the effluent turbidity readings from CSF pretreatment. The effluent 
turbidity readings from SIX/CeraMac will not reflect any seasonal variation as the 
removal of turbidity from microfiltration is independent of the raw water characteristics. 
Literature has indicated that upon normal operating conditions, a 2 log difference in 
Theoretical turbidity data 
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turbidity readings can be seen from CSF and microfiltration pretreatment with the latter 
being lower (Schippers, et al. 2004). 
Table 18 - Minimum, maximum and average turbidity readings in raw water, CSF and 




















The data in Table 18 indicates that the concentration of turbidity found in the CSF 
effluent fluctuates with raw water turbidity readings. Microfiltration is an absolute filter, 
therefore effluent turbidity concentrations remain stable regardless of the influent 
turbidity concentration. 
The iron concentration in the raw water shows fluctuation over a five year period 
(Figure 18). CSF treatment on average reduces the iron concentration where 
SIX/CeraMac does not seem to affect the concentration of iron (Figure 19). It is to a 
lesser extent understood why, from the minimal amount of data taken after SIX/CeraMac, 
the effluent iron concentrations exhibit similar characteristics to that found in the raw 
water. 
11
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Figure 19 - Iron concentrations found after CSF and SIX/CeraMac treated water (2009-
2010) 
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In traditional coagulation, iron ions become oxidized in the coagulation process 
and adhere to the floes to later be removed through RSF. The removal of substances 
through chemical precipitation relies heavily on the solubility of the various complexes 
formed in water. Iron will readily oxidize to the hydrated ferric form to be removed 
through sedimentation and even further with RSF (Pontius 1990). 
Table 19 - Minimum, maximum and average concentration of iron in raw water, CSF 



















From the three analyses performed in 2009 for iron removal after ceramic 
microfiltration, on average the difference between the two pretreatments is not 
significantly different as seen above in Table 19. A study has indicated that colloidal iron 
should be removed through continuous microfiltration; however, inadequate sample 
volume makes trend analysis unfeasible (Schippers, et al. 2004). 
Figure 20 shows the concentration of manganese found in the raw water, after 
enhanced coagulation, traditional coagulation, and after SIX/CeraMac. Data for 
conventional pretreatment was taken from operation at WTP Princess Juliana for the year 
2010. Conventional treatment reduces the influent concentration of manganese. 
SIX/CeraMac pretreatment does not seem to affect the concentration of manganese. In 
aquatic water systems, manganese is present in single ion states such as Mn +, aqueous 
12
 From analyses in 2009, n = 3 
84 
complexes like Mn(OH)+ and Mn(HC03) as well as colloidal Mn02. When FeCl3 is 
dosed during coagulation, the dissolved manganese becomes oxidized to manganese 
dioxide (MnC>2) and will adhere to the surfaces of the ferric chloride floes. The Mn02 
will subsequently be removed by sedimentation and RSF. 
The conversion of the divalent Mn ion to the oxidized Mn precipitate is an 
extremely slow process and can be explained by the following autocatalytic reaction 
(Pontius 1990): 
- ^ £ p = fe0 • {[Mn2+] + k • [Mn2+]m • [02] • [H30+]n(Mn02-)} Equation 16 
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Figure 20 - Concentration of manganese found in raw water, CSF and SIX/CeraMac 
treated water (2009-2010) 
For the oxidation of manganese to occur there has to be enough oxygen present. 
Abundant amounts of Mn02 will accelerate the reaction significantly, which is usually 
the case for RSF. One drawback to RSF is that in some instances a long filter ripening 
period needs to occur prior to proper manganese removal. 
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The prevention of scaling is essential in order to prevent fouling for adequate 
manganese removal through membrane filtration; however, scaling is not currently a 
concern with ceramic microfiltration. Unlike RSF post coagulation, membrane filtration 
can only partially remove those fine suspended Mn02 particulates which are partially 
removed by adhesion to the membrane surface. This fact makes membrane filtration less 
suited for manganese removal as opposed to RSF. In most instances further treatment for 
the removal of manganese is necessary in membrane treatment systems. 
5.1.2 Chemical Addition in Pretreatment Processes 
Below is a figure showing the raw water concentrations of sodium as well as the 
concentrations of sodium found after CSF and SIX/CeraMac pretreatment. The data 
representing conventional CSF is the finished water from CSF pretreatment, prior to 
distribution. A small dose of NaOH is added prior to distribution for a final pH 
adjustment. 
Both pretreatment processes increase the level of sodium. The increase in sodium 
after CSF pretreatment can be attributed to the pH adjustment through a dose of NaOH 
prior to RSF. The increase in sodium after SFX must come from the resin after it is 
reintroduced with the raw water after regeneration with NaCl. Only the chloride ions 
adhere to the resin and sodium should remain in the regeneration fluid; however, an 
increase is being observed. In ideal ion exchange resin regeneration, an increase in 

















 %^\v^* #** &* ^ V 1 * 9 ^ &P ^ 
Date 
Figure 21 - Concentration of sodium found in raw water, CSF and SIX/CeraMac treated 
water (2008-2010) 
Table 20 - Minimum, maximum and average concentrations of sodium found in raw water, 




















Inefficient rinsing of the resin in the pilot after regeneration and subsequent 
mixing with influent raw water could account for the increase in sodium after SIX 
treatment, through the use of NaCl as the regeneration chemical. 
The concentration of chloride in the raw water has fluctuated over the past five 
years from 85 mg/L to 160 mg/L (Figure 22). 
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Figure 22 - Raw water concentration of chloride (2005-2010) 
The concentration of chloride after pretreatment increases by approximately 30 
mg/L for CSF and an increase of approximately 60 mg/L is observed under pilot 
conditions after ion exchange. A portion of this increase in the concentration of chloride 
can be attributed to poor rinsing of the resin in the pilot after regeneration with NaCl. For 
both pretreatments, it is expected that fluctuation in the chloride levels of the raw water 
will reflect concentrations of chloride in the finished water. 
The increase in chloride content after conventional CSF can be attributed to the 
dosing of the coagulant FeCl3. At WTP Princess Juliana, 20 mg Fe/L is dosed during 
coagulation. An increase of approximately 38 mg C17L can be attributed to the dosing of 
FeCl3, which is consistent with the average difference in raw water and treated water 
concentration of chloride of approximately 45 mg/L. Therefore, the concentration of 
chloride will increase after conventional pretreatment with the addition of a coagulant 
containing chloride; however, the average concentration is still lower than that found 












Figure 23 - Concentrations of chloride found after CSF and SIX/CeraMac treated water 
(2008-2010) 
Since anion exchange resins use CI" ions, which are exchanged for the removal of 
NOM, NO3" etc., an increase in chloride content found in the effluent after SIX treatment 
signifies that and uptake of these constituents has taken place. When the resin is 
regenerated with NaCl the majority of the sodium remains in the regeneration fluid, never 
the less an increase in sodium can be seen in the effluent from SIX as indicated above in 
Figure 21. The increase in sodium after SIX can also be correlated to the excess chloride 
found in the effluent as well, as the NaCl solution contains equal parts chloride and 
sodium. 
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5.1.3 Affect on Operation of Post Treatment Process 
With the implementation of enhanced coagulation, a reduction in total organic 
carbon (TOC) can be achieved, as is seen through the water quality data from WTP 
Princess Juliana. The chart below shows the concentrations of TOC found in the raw 
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Figure 24 - TOC concentrations found in raw water, CSF and SIX/CeraMac treated water 
(2008-2010) 
The concentration of TOC found after SIX/CeraMac has fluctuated slightly over 
the last year and a half, depending on resin concentration and residence time. Anion 
exchange resins adsorb DOC. The applied process conditions, including resin 
concentration and contact time in the pilot were selected to meet the maximum DOC 
removal that is feasible with enhanced coagulation. Adjusting the resin concentration or 
residence time to account for the raw water DOC concentration enables the SIX process 
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to have a stable effluent concentration of DOC. CSF and enhanced CSF are only capable 
of removing a finite amount of DOC in relation to the influent concentration and as a 
result a fluctuation in the effluent DOC concentration after CSF raw water is observed. 
Figure 25 illustrates this phenomenon. 
Pretreated 
DOC(mgC/l) 
5.8 6.0 6.2 6.4 
Raw water DOC (mg C/l) 
Figure 25- Relationship between raw water concentration of DOC and concentration found 
after pretreatment (Developed by Erik Koreman, for spring 2010) 
It can be seen from the table below that pretreatment at WTP Andijk, before 
enhanced coagulation, will behave similar to enhanced coagulation at WTP Princess 
Juliana with respect to DOC removal. The concentration of DOC after ion exchange is, 
on average, lower than what can be achieved by conventional pretreatment. The resin 
matrix and porosity of the ion exchange resin greatly influences the DOC removal 
capacity. Only when the molecular weight of the organic compounds exceeds 1000 
g/mol, does porosity become less of a significant factor. Generally the DOC that is 
91 
"1 
adsorbed on the resin is favored over SO4 " ions which have been previously indicated to 
have a high affinity for strongly basic anion ion exchange resins (Pontius 1990). 
Table 21 - Minimum, maximum and average concentrations of TOC and DOC found in raw 



























































With SIX pretreatment the concentration of DOC will be slightly lower prior to 
GAC filtration; therefore, it is expected that there will be a reduction in the regeneration 
frequency of the GAC filters. Potentially, the character of the remaining DOC after ion 
exchange is less adsorptive to the GAC and therefore would lesson organic loading and 
lengthen the effective life of the filters. 
Figure 26 and Figure 27 illustrates the seasonal variation in DOC found in the raw 
water and after CSF pretreatment as well as the subsequent fluctuation of %UVT254. 
13
 Data from 2010 
14
 Data from 2008-2010 
92 
f. I 
0 3 ' 
* • • • • • • • • • 
§ u A i » A « " ^ l 4 i i ate.-- « « * 






0.0 0.2 0.4 0.6 0.8 1.0 
time (year) 
Figure 26 - Seasonal variation in DOC concentration found in raw water, after traditional 
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Figure 27 - Seasonal variation in %UVT254 found in raw water, after traditional CSF and 
after enhanced CSF over a year 
The figure below shows the %UVT254 readings found in the raw water, after CSF 
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Figure 28 - %UVT254 readings found in raw water, CSF and SIX/CeraMac treated water 
(2006-2010) 
It has been established that the removal of DOC by the proposed conventional 
pretreatment can be represented by operation prior to the summer of 2008 at WTP Andijk 
when enhanced coagulation went in to place; therefore, this section of the graph should 
be recognized. It can be seen from the figure above that the %UVT254 prior to 2008 is 
lower than what can be found with SIX. A decreasing trend in %UVT254 can be seen 
through SIX since pilot operation varies with different resin application and 
concentration, which ultimately dictates DOC removal capacity. As was observed with 
previously discussed constituents with respect to CSF pretreatment, the extent of removal 
will greatly depend on the influent water characteristics. 
Below is a table showing the %UVT254 readings from the influent water and after 
both pretreatments. 
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™§— Raw water 
-* CSF 
A SIX/CeraMac 
Table 22 - Minimum, maximum and average %UVT254 readings found in raw water, CSF 




















The proposed SIX treatment will be automated for a specific %UVT254 reading, 
meaning that the desired level can be maintained regardless of raw water characteristics 
through automatic change in resin concentration. Unlike the new proposed treatment, the 
current pretreatment cannot be instantaneously altered for a desired %UVT254 and 
subsequent processes become subject to the seasonal fluctuations of DOC entering the 
treatment plant (Figure 13). 
The seasonal averages for nitrate concentrations found in raw water and in the 
effluents of both pretreatments can be seen below in Figure 29. Heightened 
concentrations of nitrate can be observed in the raw water during the winter and spring 
months, after which the concentration of nitrate dramatically reduces. During the summer 
and fall months when influent nitrate concentrations are at their lowest, the average 
effluent nitrate concentration from CSF pretreatment is not significantly different that 
found in the influent. Throughout the year a significant reduction in the concentration of 
nitrate after SIX can be seen. Nitrate ions have a strong affinity (3.2 ai/Cl") for strongly 
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Figure 29 - Concentrations of nitrate in raw water, CSF and SIX/CeraMac15 treated water 
(2005-2010) 
When NO3" enters UV/H2O2 treatment it is converted to NO2" through photolysis. 
A significant increase in nitrite concentration found after UV/H2O2, following 
conventional pretreatment, can be seen below in Figure 30. Elevated concentrations of 
nitrite during the summer of 2008 until the beginning of 2009 can most likely be 
explained by the implementation of enhanced coagulation and alterations in the power 
consumption of the AOP. Higher EE/O will elevate the formation of NO2". The formation 
of NO2" can be controlled through biological oxidation in GAC following the AOP; 
however, a lower concentration of NO3" entering UV/H2O2 will result in less formation of 
NO2" and subsequent loading of the GAC filters. 
15
 Data from 2009-2010 
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Figure 30- Concentration of nitrite before and after UV/H2O2 
Below is a figure showing the raw water, CSF and SIX/CeraMac effluent 
concentrations of phosphate over a period of five years. As seen from the figure above, 
the concentration of phosphate found in the raw water is low and often below the 
detectable limit. 
As seen from the table below, the average concentration of phosphate after CSF 
pretreatment is below the detectable limit while the average after SIX remains just above. 
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Table 23 - Minimum, maximum and average concentrations of phosphate found in raw 
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Figure 31 - Phosphate concentration found in raw water, CSF and SIX/CeraMac treated 
water (2008-2010) 
Phosphate is an essential nutrient for the biological process to occur in GAC 
filtration. Currently orthophosphate is dosed between November and April when 
concentrations become too low for the biological reaction in GAC to take place; 
therefore, the process which provides the highest concentration after pretreatment will 
lessen the amount of phosphate that has to be dosed. Phosphate is greatly removed 
Data from 2009-2010 
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through CSF pretreatment due to PO43" adsorption to the ferric hydroxide Fe(OH)3 floes 
and coprecipitation as ferric sulfate (Fe2(SC>4)3). 
5.1.4 Corrosion 
Below is a figure showing the variation in SO43" concentration found in the raw 
water and after both pretreatments. The data shown for CSF pretreatment was collected 
from the finished water prior to distribution at WTP Princess Juliana with CSF 
pretreatment but not directly after. The effluent from pretreatment at WTP Princess 
Juliana was chosen because the coagulant is FeCl3, as opposed to FeClS04, which would 
indicate an increase in SO43" content partially due to coagulant dosing. 
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Figure 32 - Sulfate concentration found in raw water, CSF and SIX/CeraMac treated water 
(2009-2010) 
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Ion exchange significantly reduces the concentration of SO4 " found in the 
influent water, while the concentrations of sulfate after CSF pretreatment does affect the 
concentration of sulfate found in the raw water. 
Table 24 - Minimum, maximum and average concentration of sulfate found in raw water, 



















It can be seen from the table above that the average increase in the concentration 
of sulfate after CSF pretreatment is not significant. The table also indicates that ion 
exchange will on average reduce the concentration of SO4 " by approximately 91%. This 
significant reduction in SO43" was anticipated since strongly basic anion resins have a 
high affinity (9.1 aj/O") for the SO43" ions, while traditional CSF is not implemented for 
SO43" reduction (Pontius 1990) 
As discussed earlier, Dutch drinking water regulations relate corrosivity to 
chloride, sulfate and total inorganic carbon (TIC). It can be seen from Figure 33 that the 
majority of the influent TIC is comprised of the HCO3" ion. Dissolved CO2 and CO32" 
were neglected from the TIC calculation since their contribution is minimal at current pH 
conditions. The average concentration of chloride found after CSF and SIX/CeraMac 
pretreatment range from 151 mg/L-216 mg/L. The average concentrations of sulfate 
17
 Data from WTP Princess Juliana for 2010 
18
 Data from 2008-2010 
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found after CSF and SIX/CeraMac pretreatment are 67 mg/L and 6 mg/L respectively. 
The previously indicated concentrations of chloride and sulfate along with the average 
bicarbonate concentrations were used to determine the corrosion index. The values found 
from the corrosion index can be seen below in the following table. 
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Figure 33- Total inorganic carbon in raw water 
Currently, the CI value found after both pretreatments is higher than the regulated 
value. The heightened concentration of CI" after ion exchange can account for this 
elevated CI while the high SO43" concentration found after CSF pretreatment would 
account for the relatively high CI after conventional pretreatment. Increasing CI" levels 
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have been observed in the raw water in recent years and can be seen in the steadily rising 
CI after conventional pretreatment. The concentration of HCO3" after either pretreatment 
is not significantly different at 136 mg/L and 129 mg/L after CSF and SIX/CeraMac 
pretreatment respectively. 
5.1.5 Biological Quality and Stability 
The following table indicates the average concentration of AOC after both 
pretreatment alternatives, after UV/H2O2 and GAC filtration. 
Table 26 - Average concentrations of AOC after CSF pretreatment, SIX/CeraMac 




UV/H2O2 (CSF pretreatment) 
GAC (CSF pretreatment) 
AOC (ug C/L) 
15±5ng/L 
20 ±5 ng/L 
45 ± 1 jig/L 
17±2ug/L 
AOC was not measured after the full treatment in conjunction with SIX/CeraMac 
pretreatment. From CSF pretreatment it is observed that the increase of AOC due to 
UV/H2O2 is completely removed by GAC. It is expected that the RSF in CSF enhances 
AOC removal by biological activity within the filters, whereas little AOC removal is seen 
through SIX/CeraMac. AOC removal in the GAC filters will reduce the additional AOC; 
therefore, it is expected that similar AOC levels will be seen in the finished water. 
A large portion of biodegradable material is expected to not be accounted for in 
the conventional AOC method based on bacterial strains Pi7 and NOx. Biomass from 
higher microorganisms, bacteria etc. are released from the biological processes in RSF 
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and GAC but they are expected to primarily originate from the raw water. Conventional 
CSF will only remove 1-2 log of bacteria and higher microorganisms while 
microfiltration is an absolute barrier and is expected to remove all bacteria and higher 
microorganisms, enhancing the biological stability and quality of the finished water. 
Currently, the role of AOC is not being researched and this data is not available for the 
water quality assessment; therefore, biological stability and quality is conservatively 
valued in the quality index. No decisive conclusions can be drawn about the removal of 
AOC with SIX/CeraMac, therefore a comparison of the two pretreatment alternatives 
regarding AOC removal capacity cannot be made. 
5.1.6 Comparison of Water Quality for Pretreatment Alternatives 
In this section, the water quality results from SIX/CeraMac will be compared to 
the current CSF pretreatment. As indicated above in Table 4, each parameter will be rated 
for the new proposed process compared to the current conventional treatment process. 
Below is a summary table of the assessed water quality parameters for SIX/CeraMac vs. 
CSF. 
From the available data the water quality from SIX/CeraMac pretreatment will 
exceed the quality which is achieved by conventional pretreatment even while operating 
with enhanced coagulation. Since it is suspected that the biological quality or stability 
from SIX/CeraMac will exceed CSF pretreatment it has been included in the quality 
index as 7.5. 
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5.2 Preliminary Life Cycle Assessment 
The following section discusses the cumulative energy demand and subsequent 
GWP for both pretreatment scenarios as well as the impact assessment for the processes 
thereafter. Although pretreatment will not affect softening or CO2 dosing in the reservoir, 
these processes along with the chlorine dioxide dose prior to distribution will also be 
quantified for their energy impact at WTP Andijk, as they are also of interest to PWN for 
potential subjects of future research. As specified in section 4.2.4., allocation was not 
performed for this preliminary LCA. 
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5.2.1 Impact from CSF Pretreatment 
The cumulative energy demand (kWh's) for each component of CSF pretreatment 
were initially quantified then related to kg CCvEq (GWP). The cumulative energy 
demand and GWP will be reported simultaneously therefore the relationship between the 
inventory and the impact can be seen. The cumulative impacts from conventional CSF 
comprises of the energy required to produce and transport the chemicals, produce and 
transport the materials, operate the processes, and regenerate the activated carbon. See 
APPENDIX B for a full list of the inventory data for conventional treatment and 
subsequent process, from which the impacts were derived. 
5.2.1.1 Impact from CSF Pretreatment Alone. The affect of energy usage from 
the pretreatment process steps was evaluated first. Below in Table 28, the results are 
shown for each unit process from pretreatment. A full breakdown of all components of 
the unit process and their respective contribution can be seen in APPENDIX C. 





































Shown below is the cumulative energy demand and GWP impacts for the unit 
processes of coagulation/flocculation. The process of coagulation and fiocculation 
dominates both of the cumulative impacts of CSF pretreatment. Of those processes, the 
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largest contributor to the total energy demand is definitively the production of caustic 
soda. The method of production implemented by Solvay Chemicals for distribution to 
WTP Andijk is done through membrane cell electrolysis. Included in the cumulative 
energy demand to produce 1 kg of 50% NaOH is production of brine, purification of 
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a Operation 
Figure 34 - Left: cumulative energy demand for unit process coagulation/flocculation, 
Right: GWP for unit process coagulation/flocculation 
The production of ferric chloride is significantly less energy intensive than caustic 
soda. Although synthofloc is relatively more energy intensive to produce when compared 
to both chemicals, a much smaller amount is dosed, accounting for the minimal 
contribution to the total energy demand. The only aspect of sedimentation which 
consumes energy is the operation of the scraper arm required to remove the sludge that 
builds up on the bottom of the basin, and to facilitate thickening. The scraping motion 
only requires one small motor per flocculation street. The company that transports the 
sludge from WTP Andijk uses a boat to remove a large quantity of sludge at a time. One 
trip per year is performed, consequently contributing a small portion of the total energy 
demand. 
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The energy required to produce NaOH is entirely secondary energy through the 
use of electricity; therefore, the total kWh/m3 was multiplied by the 0.04 kg C02-Eq/m3, 
since the caustic soda is produced in Belgium. Section 4.2.4 provides a detailed 
explanation of how the appropriate carbon footprint was established for each country 
where products are made and subsequently transported to WTP Andijk. The frequent 
deliveries of FeCl3 coupled with long transport distances from production to distribution 
and from distribution to the plant account for this increase in GWP, since the climate 
footprint for the combustion of diesel fuel is greater than that of electrical energy use. 
5.2.2 Impact from Ion Exchange and Microfiltration Pretreatment 
The cumulative impacts from SIX/CeraMac pretreatment comprises of the energy 
required to produce and transport the chemicals and resin, produce and transport the 
materials, operate the processes, regenerate the activated carbon, as well as the direct CO2 
emissions from the process of biodenitrification which is used in the regenerate treatment 
stream. For a detailed list of inventory data, refer to APPENDIX B. There are four 
options for the disposal of the waste from treatment of the resin regeneration fluid. The 
two options which accumulate the largest impact in either cumulative energy demand or 
GWP will be reported in this section. For a detailed list of the inventory data for 
concentrate disposal refer to APPENDIX B. The results from the other two options can 
be found in APPENDK C. 
5.2.2.1 Impact of SIX/CeraMac pretreatment. Below, Table 29 shows the 
cumulative energy demand and GWP impact of SIX/CeraMac pretreatment alone. The 
highest impact from SIX/CeraMac treatment comes from ending waste treatment with 
MVR and transport of the brine to the WWTP. The impact from ending waste treatment 
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with nanofiltration can be found in APPENDIX C. Specifications for disposal scenarios 
can be seen in APPENDIX B. The contribution from each aspect of the unit processes to 
the cumulative energy demand and GWP can be seen in APPENDIX C. 






















































The operation of microfiltration still contributes the largest percentage to the total 
energy demand imparted by pretreatment, followed closely by the production of the salt. 
This makes salt reuse essential in minimizing the impact from SIX/CeraMac treatment. 
Although pumping requirements are higher with decreasing pipe size due to larger head 
loss the contribution from transporting the brine via pipeline remains relatively low 
compared to the previously described processes. Although the flow decreases by an order 
of magnitude from the waste steam associated with the regeneration fluid treatment 
ending with nanofiltration, the power consumed per m3 of influent water is significant at 
20 kWh. 
In terms of GWP the percent contribution from the production of the salt, 
operation of the microfiltration modules MVR processes still contribute the most to the 
total impact, as was seen in the impact from cumulative energy demand. 
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5.2.3 Impact of Pretreatment on Subsequent Processes 
The cumulative energy demand and GWP impacts from UV/H2O2 and GAC 
filtration with CSF and SIX/CeraMac pretreatment can be seen below in Figure 35. 
Figure 35 - Left: Cumulative energy demand from post treatment processes; Right: GWP 
from post treatment processes 
Operation of the AOP contributes more than half of the total energy demand. The 
energy consumption of the AOP is greatly affected by the matrix of the influent. Lower 
concentrations of NOM, measured as DOC, and nitrate will heighten the %UVT254 
consequently lowering the total energy consumption. From the proposed conventional 
pretreatment at WTP Andijk, the average DOC concentration entering the UV/H202 
process with enhanced coagulation ranges between 2.5 mg/L-3.2 mg/L, resulting in a 
%UVT between 90%-88% respectively. These %UVT254 values directly correlate to the 
power consumption of the process. The %UVT254 readings shown above indicate a power 
consumption between 0.50 kWh/m3 - 0.65 kWh/m3 respectively. The regeneration of 
activated carbon consumes the majority of the power imparted by the process of GAC 
filtration. 
With respect to GWP, the contribution from regeneration of the activated carbon 
and operational energy requirements from the AOP remains the same as was found in the 
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impact from cumulative energy demand. The regeneration of activated carbon is 
primarily done through the use of natural gas to heat the furnace as opposed to the use of 
electrical energy. The use of natural gas contributes a lower GWP than the use of 
electrical energy. 
As discussed earlier the concentration of DOC, and thus %UVT254, are direct 
indicators of the overall power consumption of the AOP. The average concentration of 
DOC entering UV/H2O2 with SIX/CeraMac pretreatment is lower than that seen in CSF 
because of the enhanced removals obtained by using microfiltration. The desired 
%UVT254 can also be set and maintained regardless of the influent water quality. The 
desired %UVT254 will be between 92%-94% correlating to an energy consumption 
ranging from 0.3-0.24 kWh/m3 respectively. Since the operation of the AOP is the largest 
contributor to the energy demand of drinking water treatment at WTP Andijk, this 
decrease from conventional CSF is significant. 
The increase in the run time of the activated carbon filters with SIX/CeraMac 
treatment accounts for the decrease in GWP observed with this pretreatment over CSF. 
As discussed earlier the filters are expected to be regenerated every 2 years with 
SIX/CeraMac treatment as opposed to every 1.5 years with CSF. 
5.2.4 Processes Not Affected by Pretreatment 
This section addresses the impact of the energy consumed by the processes of 
softening, CO2 dosing and chlorine dioxide dosing. As discussed earlier, the production 
of caustic soda is energy intensive in itself and the large quantity required for softening 
accounts for the high energy demand related to this treatment component. Table 30 
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indicates the amount of energy consumed and GWP for the components listed above, for 
CSF. 




























With respect to energy consumption, the production of caustic soda is the second 
largest contributor to the total impact, exceeding the energy requirements for the 
regeneration of the activated carbon. The production of the caustic soda used for 
softening is also the second largest contributor with respect to GWP. 































The same pattern with respect to percent contribution to either impact from 
caustic soda production for softening is true for SIX/CeraMac treatment. Figure 36 and 
Figure 37 show the relative impact in cumulative energy demand and GWP for softening, 
CSF, and SIX/CeraMac pretreatment. The values shown for softening represent the 
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amount required for the influent flow of CSF of 4,470 m /hr, which is slightly more than 
4,240 m3/hr which the SIX/CeraMac pretreatment is designed for. 
kWh/m3 
Soft CSF SIX/CeraMac 




Figure 37 - GWP for Softening, CSF, and SIX/CeraMac 
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5.2.5 Sensitivity Analysis 
The following is the sensitivity analysis performed for conventional CSF and 
SIX/CeraMac in terms of cumulative energy demand as well as GWP. The sensitivities 
will be expressed in terms of the factor %S. As discussed previously the larger the %S 
value the greater effect a change in the parameter will have on the entire treatment 
process. Sensitivities were evaluated for those factors which contribute the largest 
percentage to the total impact. All components which contributed over 5% were 
evaluated for their respective sensitivity to pretreatment and the total treatment. 
5.2.5.1 Sensitivity of CSF Pretreatment. The sensitivity values for CSF 
pretreatment are indicated in Table 32. The sensitivities shown below are only related to 
the total impacts for processes in pretreatment. 



















As indicated in the above table, a small change in the value for the production of 
NaOH will contribute a larger impact on the entire pretreatment, since the %S value for 
NaOH is significantly higher than both the transportation of ferric chloride and for the 
operation of flocculation. The sensitivities for GWP are less significant since all %S 
values are within the same order of magnitude. 
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The sensitivities from CSF pretreatment and subsequent processes can be seen in 
Table 33. As suspected the operation of the AOP accounts for the highest sensitivity with 
respect to cumulative energy demand, and the regeneration of the activated carbon has 
the highest with respect to GWP. It is important to address these two components if the 
cumulative impacts imparted by the total treatment are to be lowered. 













5.2.5.2 Sensitivity of SIX/CeraMac. The sensitivity for SIX/CeraMac 
pretreatment alone can be seen below in Table 34. The operation of the microfiltration 
modules have the highest sensitivity with respect to either impact category. The category 
of resin regeneration also has a high sensitivity, once again reaffirming the significance 
of salt reuse. 
Table 34 - Sensitivity of SIX/CeraMac pretreatment 
Regeneration 
Micro. Filtration Oper. 



















The sensitivities from of UV/H2O2 and GAC filtration from SIX/CeraMac 
pretreatment can be seen in Table 35. The sensitivities are within the same order of 
magnitude as the sensitivities for CSF with respect to UV/H2O2 and GAC filtration. 
Further analysis should also be performed for the operation of microfiltration, the plastic 
production process, and operation of the MVR since the sensitivities associated with 
these components are greater than 5%. Further research should be performed on the 
UV/H2O2 and GAC processes, as the sensitivities associated with these processes as a 
result of SDC/CeraMac pretreatment are within the same order of magnitude as with CSF 
pretreatment. 












The following figure shows a comparison between the treatment alternatives. The 
sensitivities shown are from the GWP of the electricity used for UV/H2O2. The graph 
shows that the model input for this parameter would have to be significantly different for 
GWP impact from CSF treatment to become less than SIX/CeraMac. The graph also 
shows the sensitivity of the unit processes that contribute the most to either alternative. 
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Figure 38 - Comparison between sensitivities of CSF and SIX/CeraMac 
5.3 Detailed Life Cycle Assessment 
The following section will discuss the results of the detailed life cycle assessment, 
conducted with life cycle assessment software SimaPro. As previously discussed, the 
detailed LCA included further treatment of the waste streams and also evaluated 
additional impacts aside from GWP. All inputs from the initial LCA have been evaluated 
in the detailed LCA as well. All pertinent life cycle inventory data from the detailed LCA 
can be found in APPENDIX B. 
5.3.1 Impacts from Pretreatment Processes 
The midpoint impacts or characterization factors will be presented in the body of 
the report since ISO standards are being followed. The endpoint or Eco-Point impacts can 
be found in APPENDIX D and will be discussed in the sensitivity section of the detailed 
LCA. All data from the detailed LCA can be found in APPENDIX D. The following 
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pretreatment and post treatment processes have been included in the figure below, i.e. 
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Figure 39 - Normalized characterization impacts from both pretreatment alternatives 
The life cycle impact from CSF treatment is higher in all impact categories 
compared to SIX/CeraMac treatment. The table below shows the unit processes that 
contribute the most to each characterization factor. The production of NaOH contributes 
the most to the majority of the characterization factors, followed by the use of electricity. 
In a LCA performed on general potable water production, it was also concluded 
that the majority of the environmental burden comes from the production of coagulant, 
the use of electricity and the production of remineralization chemicals. The impact from 
chemical usage can be attributed to the amount of energy that's required for the 
production process as well as the gaseous emissions during chemical production (Vince, 
et al. 2008). The elimination of NaOH with SIX/CeraMac pretreatment most likely 
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explains the lower impact in all characterization categories. Specifically, the lower 
energy usage with SIX/CeraMac treatment explains the lower impact from climate 
change and fossil fuels. 















Production of NaOH 
Production of liquid CO2 
Production of NaOH 
Production of NaOH/ 
Use of electricity 
Production of NaOH 
Production FeCl3 
Production of NaOH 
Production of NaOH 
Production of NaOH 
Production of NaOH/FeCl3 
Use of electricity 
t Unit Process 
SIX/CeraMac 
Production of NaOH 
Production of liquid CO2 
Production of NaOH 
Use of electricity 
Production of NaOH 
Production of anionic resin 
Production of NaOH 
Production of NaOH 
Production of NaOH 
Production of NaOH 
Use of electricity 
The carcinogenic impacts from production of NaOH are attributed to the emission 
of arsenic to water. Arsenic is a Class A human carcinogen. Consuming water containing 
inorganic arsenic can increase the chances of mortality from multiple different types of 
organ cancer as well as an increased incidence of skin cancer (IRIS 2011). 
The release of particulate matter (<2.5 ^m) to the air during the life cycle impact 
from the production of the NaOH explains the heightened impact from respiratory 
inorganics. Particulate matter can cause serious cardiovascular and respiratory issues. 
Fine particles are directly emitted from the combustion of fossil fuels and are also formed 
secondarily from gaseous precursors such as sulfur dioxide, nitrogen oxide and organic 
compounds (EPA, Extramural Research: Particulate Matter 2011). 
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The heightened impact from radiation during the production of NaOH comes from 
the emission of Radon-222. As it undergoes radioactive decay, Radon-222 emits alpha 
participles and is known to cause lung cancer. Radon is a member of the uranium series 
and has a half-life of 3.8 days (EPA, Radiation Protection: Radon 2011). 
The release of nickel to water during the production of NaOH accounts for the 
heightened impact from ecotoxicity. Nickel may occur in water both naturally as well as 
from industrial processes. Nickel can be directly discharged to surface water from 
industrial processes such as power plants, incinerators and metal processing plants. 
Nickel is a dietary requirement for many organisms but may be toxic at higher doses. 
Metallic nickel and some other nickel compounds are carcinogenic to mammals. Nickel 
carcinogenicity is most probably caused by nickel replacing the magnesium and zinc ions 
on DNA-polymerase (Lenntech 2011). 
The highest contributor to the characterization category of 
acidification/eutrophication is nitrogen oxides (NOx) emitted during the life cycle of 
NaOH production. Emissions of NOx can cause an increase in acid deposition, nitrates in 
drinking water, and excessive nitrogen loadings to aquatic and terrestrial ecosystems 
(Price, et al. 1997). 
Ozone layer depletion is caused by the catalytic splitting of ozone by chlorine and 
bromium. The most significant sources of these halogen atoms in the stratosphere are the 
photodissociation of chlorofluorocarbons (CFCs) and of bromofluorocarbon compounds 
known as halons (AG 2007). The heightened impact from ozone layer depletion from 
FeCb production used in CSF treatment is most likely due to the tetrachloromethane 
(CFC-10) emissions during this process (Vince, et al. 2008). Tetrachloromethane is a 
known ozone-depleting substance, with an ozone depletion potential of 1.2 (EPA, Ozone 
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Layer Protection Glossary 2010). Thermal decomposition of tetrachloromethane occurs 
slowly and will dissociate to form hexachloroethane, perchlorothylene, and some 
chlorine. Reactions with steam at very high temperatures result in the formation of 
chloromethanes, hexachloroethane, and perchloroethylene. Tetrachloromethane is very 
stable in the atmosphere and can persist for up to 30 years (EPA, Locating and estimating 
air emissions from sources of Carbon Tetrachloride 1984). With respect to the impact 
from ozone layer depletion from SIX/CeraMac treatment, this can also be explained by 
the emissions of CFC-10 during the production of anionic resin (AG 2007). 
The impact from respiratory organic contaminants, by in large, can be accounted 
for by the production process of liquid CO2. A large amount of natural gas, 2.87 MJ/kg of 
CO2, is required for the production of CO2. The inventory component which contributes 
the most to impact from respiratory organics from the production of CO2 is from the 
emission of monoethanolamine to air (Ecoinvent 2010). Monoethanolamine is used as a 
gas scrubbing agent for the removal and adsorption of hydrogen sulfide (H2S) and CO2 
from refinery and natural gas streams as well in ammonia and CO2 production 
(Corporation 2007, 2011). If inhaled, monoethanolamine can cause severe damage to the 
tissues of the respiratory tract (ScienceLab.com 2010). 
5.3.2 Impacts from Waste Streams 
The detailed LCA comprehensively evaluated the impacts from waste treatment 
and final disposal of the wastes from the two alternatives. The backwash water from RSF 
and CeraMac were not included in the initial LCA but were evaluated in the context of 
the detailed LCA. The disposal options that evaluated the impact from transporting the 
final waste stream of SIX/CeraMac to the WWTP via boat and truck did not included the 
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backwash water and will not be evaluated in the context of the detailed LCA. Only those 
final disposal scenarios that include both the final waste stream and backwash water will 
be evaluated in the detailed LCA. This includes transporting the waste to either the 
WWTP or to Wadden Sea via pipeline. The impact from sludge treatment from CSF will 
be adapted to include the dredged solids from the inlet reservoir where the backwash is 
sent. The final waste stream from CSF will still include transport via barge to the landfill 
across the lake. For the conventional alternative, sludge treatment only amounts to 6% of 
the total impact for this treatment alternative. For SIX/CeraMac, waste treatment 
accounts for 18% of the total impact. 
5.3.2.1 Sludge treatment vs. MVR. The comparison between sludge treatment and 
ending the resin regeneration fluid treatment with MVR and final disposal to the Wadden 
see can be seen below in the following chart. Ending SIX/CeraMac waste treatment with 
MVR proved to be the highest alternative of the different waste treatment scenarios. 
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Figure 40 - Normalized characterization impacts from sludge treatment and waste 
treatment for SIX/CeraMac resin regeneration treatment 
121 
The impacts from SIX/CeraMac waste treatment, ending treatment with MVR, are 
similar to that of sludge treatment. The impacts from all waste disposal scenarios for 
SIX/CeraMac resin regeneration fluid can be found in APPENDIX D. The landfilling of 
the sludge from CSF treatment contributes the most the all of the characterization 
categories aside from land use, where the operation of barge that transports the solids 
contributes the most. Since sludge treatment has a high impact in some of the 
characterization categories, the life cycle inventory components which contribute the 
most to each midpoint will be discussed in further detail. As stated earlier, the landfilling 
of the sludge contributes the most to the majority of the midpoint impacts. The emission 
of methane (CH4) contributes the most to the impacts from respiratory organics. Acute 
exposure to CH4 can cause respiratory difficulty, headache, dizziness and nausea. At high 
enough concentrations, exposure to CH4 can cause unconsciousness or even death 
(AIRGAS 2001). Methane is emitted from fossil fuel production, biomass burning, and 
waste management, i.e. landfills. 
Once again the emission of particulates contributes the most to the impact from 
respiratory inorganics. The high contribution from CH4 is also seen in the impact from 
climate change. Methane is a greenhouse gas and it approximately 20 times stronger at 
trapping heat in the atmosphere than CO2. Methane can remain in the atmosphere 
between 9-15 years. Landfills are the third largest human related source of methane 
emissions in the U.S. Within landfills, methane is generated from anaerobic microbial 
activity (EPA, Methane: Sources and Emissions 2011). 
With respect to SDC/CeraMac waste treatment, the following table shows which 
unit process contributes the most to each characterization category. 
122 
Table 37 - Unit process contribution to Characterization factors for MVR 













Production of NaCl 
Production of NaCl 
Electricity 
Electricity 
Production of NaCl 
Production of HCl 
Production of NaCl 
Electricity 
Production of NaCl 
Production of NaCl 
Electricity 
The impact from the release of carcinogens from the production of NaCl comes 
from the disposal of sulfidic tailings to a residuals material landfill. The impact from 
respiratory organics comes from the use of vented natural gas as an energy source 
(Ecoinvent 2010). With respect to the production of NaCl, the emission of Radon-222 
contributes the most the impact category of radiation. During the production of HCl, the 
emission of CFC 10 contributes the most the impact from ozone layer depletion (Pilz, 
Schweighofer and Kletzer 2005). 
The release of NOx contributes the most to the midpoint impact of 
acidification/eutrophication. An explanation of the impact from NOx was previously 
discussed when addressing the production of NaOH. The highest contributor to the 
impact from fossil fuels comes from the use of energy from natural gas. 
5.3.3 Full Comparison of Combined Results 
The following chart shows the combined results of either pretreatment alternative 
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Figure 41 - Combined impact from pretreatment alternatives and waste streams 
All impacts from all characterization categories are smaller with SIX/CeraMac 
treatment as opposed to CSF. The implementation of the SIX/CeraMac treatment 
alternative will result in a lower life cycle impact compared to CSF treatment including 
the treatment of the both waste streams. 
If there was no salt reuse for resin regeneration the total impacts from either 
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Figure 42 - Combined impact from pretreatment alternatives and waste streams (No salt 
reuse in resin regeneration) 
5.3.4 Sensitivity Analysis for the Detailed LCA 
A similar sensitivity analysis was conducted for the detailed LCA. Certain model 
inputs that contributed the most to the total impact were altered by varying percentages. 
The endpoint scores or Eco-Points were used for the sensitivity analysis. The waste 
scenarios were analyzed separately from the main treatment stream. 
5.3.4.1 Sensitivity of CSF and SIX/CeraMac treatments. The following table 
shows the % contribution and % sensitivity of each indicated unit process. 
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It's interesting to note that the % contribution to the pretreatment and total impact 
from electricity usage by UV/H2O2 is slightly less than that of the NaOH dosed in the 
reservoir but they have the same sensitivity on pretreatment and on total treatment. The 
following table shows the % contributions and % sensitivity of the unit processes in 
SIX/CeraMac pretreatment. The contribution and sensitivity related to the total impact is 
assuming that waste scenario 1A is put in place. 






















The contribution and sensitivity of NaOH and the energy used for UV/H2O2 is 
high with respect to pretreatment as well as to the sensitivity of the total treatment trains. 
This indicates that the contribution from waste treatment to the total impact is less 
significant. 
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Sensitivity of waste streams. The % contribution from the landfilling of sludge 
control 85% of the total impact from waste treatment but only 5% of the total impact 
from CSF treatment. The sensitivity of the landfill on the waste scenario is 85%; 
however, the sensitivity of this component on the total treatment is only 6%, indicating 
that any change in the input of this factor will only minimally alter the total impact from 
this alternative. 
Table 40 shows the contribution and sensitivities of unit processes involved in 
SIX/CeraMac waste treatment. 


























It can be seen that the sensitivity for both unit processes on total treatment is less 
significant than unit processes in the main treatment train. 
5.4 Cost Analysis 
The following section will discuss the results of the investment cost calculations 
performed by the previously mentioned outside consultancies, for the proposed 
conventional and SIX/CeraMac pretreatments. The operational costs for both 
pretreatments will also be presented which were obtained through independent analysis 
as well as through the assistance of personnel familiar with current and new proposed 
pretreatment alternatives. 
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5.4.1 Investment Costs 
The components which are included in the investment costs for the proposed 
conventional pretreatment include: microsieves, pumps, coagulation/flocculation, lamella 
plate sedimentation, RSF, sludge de-watering and chemical storage. The following table 
shows the investment costs for the processes discussed in this research for all civil, 
mechanical and electrical aspects of construction. 














































From the table above, it can be seen that the majority of the cost for construction of 
conventional pretreatment can be attributed to RSF. The following table shows the 
depreciation values to be paid back each year for conventional pretreatment, performed 
using Equation 14 and the assumptions listed above in section 4.3.2. 
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The following figure shows the cost distribution for CSF pretreatment for the 
three cost categories and the depreciation amount for each cost category. As was 
indicated in the literature review, section 3.3.1, a significant portion of the payments for a 
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Figure 43 - Cost distribution for CSF pretreatment 
For SIX/CeraMac pretreatment an initial investment cost (A) of €500,000 was 
estimated for the cost which will be independent of the capacity or size of the treatment 
plant. Using the linear regression relationship indicated above in section 4.3.1, the cost 
function for a full scale SIX/CeraMac plant was determined. The graphic relationship of 
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Figure 44 - Relationship between investment cost of CeraMac and the number of elements 
A close relationship can be seen from the regression analysis for CeraMac in the 
figure as the three different capacities shown by the black diamond's lie on the regression 
line. The actual full scale costs for SIX/CeraMac cannot be reported at this time. The 
following table shows the regression line coefficients from the regression analysis which 
was used to determine the investment cost for SIX/CeraMac pretreatment. 
Table 43 - Regression coefficient and slope factors for SIX/CeraMac pretreatment 
SIX Reactors 
SIX Regeneration excl. 
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The driving treatment component, which has the greatest influence on the total 
cost of SIX/CeraMac pretreatment are the ceramic microfiltration elements. For this 
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reason the regression analysis was developed for CeraMac and then applied for the other 
treatment components involved with SIX/CeraMac pretreatment. Low scale factor values 
for the SIX installation indicate that the reactor volume and resin flow both play a 
dominant role in the investment cost for this process at any capacity. Below are 
schematics of the full scale SIX installation as well as the CeraMac elements and 
building. 
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Figure 45 - 3-D layout of full scale SIX 
Figure 46 - Left: Plan veiw of CeraMac elements and bulding; Right: 3-D schematic of 
CeraMac 
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Included in the current investment cost calculation performed for SIX/Ceramac 
pretreatment are the: drums screens, suspended ion exchange treatment, biodenitrfication 
and ceramic microfiltration treatment. The total investment cost for the previously listed 
components of the new proposed pretreatment amounts to €24,152,726. The investment 
cost for nanofiltration and/or MVR are not included in the total investment cost as 
processes optimization is not completed as of yet. A cost breakdown cannot be given for 
SIX/CeraMac pretreatment as these values are non-discloseable as specified by PWN 
Technologies Ltd. 
5.4.2 Operational and Maintenance Costs 
As discussed earlier only those differences found between conventional 
pretreatment and SIX/CeraMac were addressed when calculating the operational costs of 
the processes. Therefore, the reported sums will provide insight into the total difference 
in cost between the two processes and not the actual total cost. The following table shows 
the operational costs associated with conventional pretreatment, including cost of 
chemicals, operation, and waste disposal/transport. 















The maintenance costs were taken from operation during the year 2009 at WTP 
Princess Juliana. Costs were linearly scaled for the current proposed production flow of 
4,000 m3/hr. The maintenance costs associated with pretreatment can be seen below in 
Table 45. 










The following table shows the operational costs for SIX/CeraMac pretreatment 
which include the cost of chemicals and resin, operation and disposal of concentrate 
waste to the WWTP from regenerate treatment. As presented earlier in the LCA section 
of this report, the two scenarios for final treatment of regeneration fluid will be presented 
in this section of the report as well. 




Regeneration of GAC 
Nanofiltration membranes 


















The difference in operational costs for the two different SIX/CeraMac 
pretreatment scenarios can be attributed to the increase in electrical operational costs for 
the MVR. The maintenance costs for SIX/CeraMac pretreatment cannot be estimated as a 
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detailed evaluation of the investment costs for the civil, mechanical and electrical aspects 
of pretreatment are not available. 
5.4.3 Cumulative Results 
As specified earlier in the LCA section of this report, assumptions about the 
decrease in energy demand from the UV/H2O2 process and less frequent regeneration of 
the GAC with SIX/CeraMac over CSF pretreatment were made. The difference in 
operational costs from both pretreatments on subsequent processes can be seen in the 
figure below. 
It can be seen from the figure above that the majority of the annual costs for 
pretreatment alternatives is attributed to the consumption of chemicals and operation of 
the AOP. There is not a significant difference in the investment costs for pretreatment 
alternatives although a firm conclusion regarding actual cost for construction cannot be 
made as a full summary of investment costs for SIX/CeraMac is not available. There will 
be an estimated difference of €900,000 per year for operational costs from pretreatment 
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Figure 47 - Cumulative cost comparison of CSF and SIX/CeraMac pretreatment 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS 
The objectives of this research were to compare the quality of water, conduct a 
preliminary and detailed life cycle assessment, and compare the investment costs and to 
determine the operational costs of conventional CSF and suspended ion exchange with 
ceramic membrane filtration pretreatments. These previously listed objectives were 
performed in conjunction with one another in order to gain an all encompassing view of 
the prevalent issues regarding the comparison of alternative pretreatments. 
6.1 Conclusions 
6.1.1 Water Quality Assessment 
From the available data presented in this research, the quality of water which is 
achieved through SIX/CeraMac will exceed that which is obtained through conventional 
CSF pretreatment; specifically, DOC, TSS, and N03". Through further optimization of 
the SIX process, even higher removal efficiencies may be achieved, where as with 
conventional pretreatment there is little room for further water quality enhancements. 
6.1.1.1 Effect on subsequent processes. With regards to DOC and nitrate removal, 
SIX/CeraMac is capable of achieving a consistent effluent concentration so that the 
energy required to operate at UV/H2O2 process for the desired degradation is 
142 
lessoned. As discussed earlier in section 5.1.3, CSF pretreatment does not significantly 
reduce the raw water concentration of nitrate, and in some instances effluent 
concentration of nitrate from CSF pretreatment exceed raw water concentrations. 
In most instances the %UVT254 which can be achieved by CSF treatment, in 
conjunction with the fluctuation in nitrate concentration, only allows for a small window 
where UV/H2O2 process is operating efficiently. Since a desired %UVT254 can be 
achieved through adjustments of process parameters for SIX/CeraMac, even in lower 
than anticipated %UVT254 readings, the UV/H2O2 process will operate at a lower EE/O 
with SIX/CeraMac pretreatment than with conventional due to the decrease in nitrate and 
DOC concentrations. 
Another complication with nitrate entering subsequent processes, is when nitrate 
enters the UV/H2O2, the nitrate is converted to nitrite. It is suspected that less nitrate will 
enter the distribution network after GAC with SIX/CeraMac pretreatment since SIX is 
efficient in the removal of nitrate while CSF pretreatment is not. 
The lower concentration of NOM from SIX/CeraMac pretreatment is also 
suspected to benefit operation of GAC filtration since the backwashing regime and 
regeneration frequency are affected by this water quality parameter. The lower 
concentration of TSS as well as NOM from SIX/CeraMac pretreatment is also suspected 
to improve biological stability in the distribution network. Further research needs to be 
performed on the biological stability of the finished water at WTP Andijk with 
SIX/CeraMac pretreatment. 
Corrosion is a potential problem with either pretreatment as the CI exceeds the 
recommended value. The high CI from CSF can be attributed to high sulfate 
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concentrations while the elevated CI after SIX/CeraMac is the result of high chloride 
concentration from SIX. The CI is expected to lower with further pilot testing and 
optimization of the SIX process. The increase in chloride content after conventional 
treatment has also contributed to the heightened CI in recent years however this trend is 
currently an anomaly. 
6.1.1.1 Biological Stability. Since the implementation of the UV/H2O2 process 
began in 2004, WTP Andijk has established an advanced barrier against pathogenic 
micro organisms such as viruses, bacteria and protozoa. In recent years the concern of a 
new organism has arisen in the treated water. A parasite (Cercarien in Dutch) is 
commonly found in surface waters throughout the Netherlands but has never been seen 
before in the effluent of WTP Andijk. Currently, the presence of cercarien is not 
suspected to be an acute risk to human health. It is suspected that these parasites are 
partially removed by RSF but as this treatment isn't fully removing these organisms, this 
could lead to larger problems in the future such as increased growth or regrowth of other 
microorganisms (Goulier, Abrahamse and Siegers 2008) 
Although a substantial amount is removed through the current treatment, as 
discussed earlier, a number of organisms persist. The biomass which is not removed from 
pretreatment enterers the UV/H2O2 were no further reduction is expected to occur. Thus, 
the biomass entering the GAC filters regenerates and subsequently delivers the organisms 
to the distribution network, which will provide substrate for other organisms to flourish 
as well (Goulier, Abrahamse and Siegers 2008). 
As shown above in Figure 8, microfiltration is an absolute barrier against bacteria 
and larger organisms such as larvae. Recent research has shown that ceramic 
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microfiltration coupled with ion exchange promoted biological stability in the treated 
water (Goulier, Abrahamse and Siegers 2008). Researched performed at PWN in Lake 
IJssel microseived water showed that treatment with ultrafiltration showed a significant 
reduction in microbial parameters and AOC was reduced to <10 ug/L Ac-C, lower than 
AOC concentrations found after conventional CSF. If the concentration of AOC is found 
to below 10 ug/L Ac-C the water is assumed to be biologically stable with minimum 
potential for regrowth (Schippers, et al. 2004) 
6.1.2 Life Cycle Assessment 
With regards to conventional CSF pretreatment in conjunction with the AOP and 
GAC filtration, the sensitivity analysis from the preliminary LCA showed that the 
process of coagulation and flocculation consumed the vast majority of both the power 
consumption and GWP from pretreatment. From that process, the production of caustic 
soda dominates the cumulative energy demand as well as the GWP. The sensitivity 
analysis also indicated that the operation of the UV/H2O2 and regeneration of the 
activated carbon, both of which are dictated by the influent water quality characteristics, 
dominate both impact categories. 
With respect to SIX/CeraMac pretreatment, the processes that are implemented 
for the treatment of the regeneration fluid contribute a somewhat significant portion of 
the impact from this alternative. With regards to the total treatment for SIX/CeraMac, the 
production of the salt, operation of the ceramic microfiltration modules and MVR units, 
as well as the pumping required for final waste disposal contribute the most to the total 
impact. Similar to conventional pretreatment, the operation of the AOP dominates both 
impact categories. 
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When comparing conventional pretreatment against SIX/CeraMac the 
unconventional pretreatment exhibits slightly lower impacts. With the knowledge that the 
efficiency of the AOP and regeneration frequency of the activated carbon are in great part 
dictated by the concentration of DOC and to a lesser extent by the concentration of 
nitrate, the fact that SIX has the ability to remove a consistent amount of DOC and nitrate 
accounts for the reduction in impacts from these process. The SIX/CeraMac pretreatment 
will be automated to achieve a certain removal of such compounds making this aspect of 
treatment superior to conventional pretreatment which is susceptible to influent water 
characteristics. 
The results from the detailed LCA validated the findings from the initial LCA and 
gave insight into the impact from the additional treatment steps for the waste streams. 
With respect to the main treatment streams, SIX/CeraMac pretreatment is lower in all 
impact categories compared to CSF. This can be explained by the lower chemical and 
energy usage. By in large, the production of caustic soda contributes the majority of the 
impact in most characterization categories. It's interesting to note that the more advanced 
treatment technologies did in fact produce a lower impact than more traditional treatment 
components. 
The impact from treatment of the resin regeneration fluid is only slightly larger 
than that from treatment of the sludge from CSF. The recycling of the salt or resin 
regeneration is crucial in minimizing the impact from this treatment alternative. Currently 
the process recycles 80% of the used salt for reuse. The landfilling of the sludge 
contributes the majority of the impact to most characterization categories. 
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6.1.3 Life Cycle Cost Assessment 
The investment cost analysis performed for SIX/CeraMac using linear regression 
has proven to be a flexible and reliable method for cost projections for different treatment 
components as well as production capacity. The cost analysis performed for conventional 
CSF pretreatment was conducted using case specific data from the current conventional 
pretreatment at WTP Andijk and WTP Princess Juliana. Rapid sand filtration consumes 
the largest portion of the investment cost for CSF pretreatment. Including the treatment 
components which were within the boundary conditions of this report there is not a 
significant difference in investment costs for the pretreatment alternatives. 
Sludge thickening was left out the investment costs for this research but would 
add to the total cost for conventional pretreatment if it were to be reinstalled at WTP 
Andijk. Nanofiltration and potentially MVR were left out the investment cost for 
SIX/CeraMac as pilot testing for these treatment components has not led to a tentative 
full scale design. The addition of these components will also add to the total investment 
cost but to what extent is unknown. 
6.2 Recommendations 
6.2.1 Water Quality Monitoring 
In order to achieve an all encompassing view of the effectiveness of SIX/CeraMac 
pretreatment, more water quality data should be generated from continuous operation of 
SIX/CeraMac pretreatment in conjunction the AOP and GAC filtration. Further research 
needs to be performed with the SIX/CeraMac pretreatment in conjunction with the 
UV/H2O2 and GAC filters in order to determine precise conditions of biological stability 
147 
for WTP Andijk in comparison to conventional pretreatment. Continuous water quality 
analysis of SIX/CeraMac followed by the AOP and GAC filtration will also allow for 
further optimization of DOC removal and subsequent %UVT254 so as to confirm 
assumptions made about power consumption in LCA section of this report. 
Further optimization for the potential chloride reduction from SIX treatment 
should be performed so as to reduce the potential threat of corrosion. This can be done 
through further optimization of the biological denitrification and nano filtration treatment 
steps. 
The inadequate removal of manganese with SIX/CeraMac should be researched as 
the affect on subsequent process and components from this pretreatment are unknown. 
6.2.2 Continuation of Life Cycle Assessment 
The implications of NOM removal with pretreatment on subsequent processes 
account for the majority of the environmental impact from either pretreatment scenario. 
Further sensitivity analysis should be performed on the effect of NOM removal and the 
operation of subsequent processes. The assumptions made about the potential reduction 
in impacts from post treatment processes with the use of SIX/CeraMac pretreatment are 
the goals for future full scale operation and cannot currently be determined since 
continuous operation has not occurred. 
It was initially assumed that internal pumping for pretreatment alternatives would 
be similar but recent theory suspects otherwise. Internal losses are not identical for the 
treatment alterative and may lead to significant differences in pumping energy. It is 
recommended that pumping internal pumping requirements be evaluated in a 
supplementary LCA. 
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As the final plant is built in Andijk, all design assumptions made about full scale 
operation should be validated in an additional LCA. Since the final waste disposal of the 
resin regeneration fluid has not been determined, additional scenarios should be worked 
out in the context of a LCA as they develop. 
6.2.3 Costs 
It is recommended that pre-design operational cost calculations be performed as 
the assessment performed in this research is an estimate from pilot scale operational and 
existing conventional pretreatment in Andijk. 
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Concentration of iron after SIX/CeraMac pretreatment 





































































































Concentration of manganese after 
traditional and enhanced CSF 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Concentrations of sulfate after CSF 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Concentrations of DOC after CSF 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































LIFE CYCLE INVENTORY DATA 
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sodium hydroxide, 50% in H20, membrane cell, at plant. RER. fkgl 
sodium hydroxide, 50% in H20, membrane cell, at plant 








Besides the electrolysis process in a membrane cell, the 
following process steps are included into this process: brine 
production, brine purification, brine resaturation as well as the 
final handling of the electrolysis products, without - the 
chlorine liquifaction! 
The multioutput-process "chlor-alkali electrolysis, membrane 
cell" delivers the co-products "chlorine, gaseous, membrane 
cell, at plant", "sodium hydroxide, 50% in water, membrane 
cell, at plant" and "hydrogen, liquid, membrane cell, at plant". 
The allocation is done according to the masses of the different 




sodium hydroxide. 50% in H2Q, membrane cell, at plant, RER, fkgl 
RER 
European average values 
sodium hydroxide. 50% in H2Q, membrane cell, at plant. RER. fkgl 
present state of technology used in european membrane cells 




t l r t i t t foce^ exchanged jaaiam hydroxide, 5Q% in H2&> iftetfcra^ecglt, at, plants RjR. f M \ 
Uncertainty SD95% Number Name Location Infra Mean Unit 
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value type 
From Technosphere sodium hydroxide, 50% in H2Q, membrane cell, at ptant, RER, fkg] 
electricity/production mix 
S" SSffiSSSTST' UCTE ° '-4505690265487
 kWh 1o8„orm a l 1.2 
Germany Energy Mix (Report Submitted in 2010 for the year 2007) 
Total Electricity Generation 
Total Electricity from 
Renewables 
% from Renewables 























































Belgium Energy Mix (Report Submitted in 2010 for the year 2007) 
Total Electricity Generation 
Total Electricity from Renewables 








% of Total 
Renewables 
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Belgium Energy Mix (Report Submitted in 2010 for the year 2007) 





















































France Energy Mix (Report Submitted in 20K 
Total Electricity Generation 
Total Electricity from Renewables 
% from Renewables 































% of Total 
Renewables 
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France Energy Mix (Report Submitted in 2010 for the year 2007) 
Renewables Generation 
Breakdown 









































































































Pertinent inventory process data related to the proposed design for conventional 
CSF 
Parameter Value Unit Source/ Assumptions 
C02 Dosing 
Transport (Rotterdam to 






Report (28/1/10); 0.4 
mmol/L 











Report (28/1/10); 1.25 
mmol/L (100%) 
de Jong, G. (VTR); By 
boat, Capacity = 600 tons 
Coagulation-Flocculation 
FeCl3 (40%) 
Transport (Rotterdam to Hengalo, 
Hengalo to Andijk) 
Synthofloc 
Transport (Andrezieux, France to 



















Calculation; Kamp, P 
(PWN).; 20 mg Fe/L 
Akzo Nobel Chemicals; 
Capacity = 30 tons 
Calculation; Visser, M 
(PWN).; 0.51 mg/L 
Hoersken, A. (Sachtleben 
Wasserchemie); Capacity 
= 3 tons 
Calculation; Witt+Bos 
Report (28/1/10); 0.12 
ml/L 
(included in transport of 
NaOH for softening) 
Calculation; From WPJ 
Lamella Plate Sedimentation 
Operation 57,816 kWh/year Calculation; from WPJ 
Rapid Sand Filtration 
Sand 
Transport (Papendrecht to Andijk) 
Anthracite 












Visser, M (PWN); 20 year 
life 
Visser, M (PWN) 
Visser, M (PWN); 20 year 
life 
Calculation; from 
operation at WPJ 
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Pertinent inventory process data related to the proposed design for conventional 
CSF 
Parameter Value Unit Source/Assumptions 
Sludge 
Amount 





Kamp, P (PWN) 
Koreman, E. (PWN) 
UV/H202 
H2O2(30%) 








Calculation; Martijn, B. 
(PWN); 6 mg/L 
Kemira; Capacity = 25 
tons 
Martijn, B. (PWN); 88% 








Transport (Rotterdam to 













Witt+Bos Report (28/1/10) 
Martijn, B. (PWN) 
Dikkenberg, J. (Norit) 
Visser, M (PWN), 0,08 
mg/L 
Visser, M (PWN) 
Visser, M (PWN) 




: process data for SIX/CeraMac 
Value Unit Source/Assumptions 
C02 Dosing 
Transport (Rotterdam to 







Report (28/1/10); 0.4 
mmol/L 











Report (28/1/10); 0.4 
mmol/L 
de Jong, G. (VTR); By 
boat, Capacity = 600 
tons 
SIX 
Resin 22,896 kg/year Estimation; Galjaard, 
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Pertinent process data for SIX/CeraMac 
Parameter Value Unit Source/Assumptions 
G. (PWN); lOml/L, 
Koreman, E. (PWN), 5 
year life 
Transport (Bitterfeld, 






Moriau, J. (Lanxess), 
2000L per shipment 
Calculation; Friend-






















Koreman, E. (PWN) 
Calculation; Koreman, 
E. (PWN); 70 g/L, 80% 
recovery of nanofil. 
Koreman, E. (PWN); 
By boat, Capacity = 
600 tons 
Calculation; Friend-
Gray (UNH); G = 165 
s"1 
Calculation; 
Scheerman, H. (PWN), 
Recirc. Flow = 335 
m3/hr under 2 bar 
Same as CSF 
Metawater, useful Life: 
15 years 
Backwash 211 kWh/year Calculation; 
Scheerman, H. (PWN); 
Backwash flow = 250 
m3/hr, P = 5 bar, 5 sec. 
every 30 min. 
Enhanced Backwash 12,670 kWh/year Calculation; 
Scheerman, H. (PWN); 
Backwash flow = 250 
m3/hr, P = 5 bar, 10 
min. every 15 min. 
NaOCl (12.5%) 9,125 kg/year Calculation; 
Scheerman, H. (PWN); 
100 mg/L, dosed only 
during enhanced 
backwash 
Transport (Rotterdam to 
Loosdrecht, Loosdrecht to 
Andijk) 
348 km Brenntag, Capacity = 
2000L 
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Pertinent process data for SIX/CeraMac 
Parameter 
Transport of Modules 
(Nagoya, Japan to 










Metawater, By boat: 
41,030 km and truck: 
258 km 
Calculation; Galjaard, 
G. (PWN); P = 2 bar, 
10 blocks of 2000 
modules 
Biodenitrification 
Regeneration waste stream 
flow 
HAc (80%) 
Transport (Rotterdam to 
Loosdrecht, Loosdrecht to 
Andijk) 
Direct C02 emissions 
HC1(10%) 
Transport (Rotterdam to 

























Galjaard, G. (PWN); 
20% dilution after 
rinsing of resin 
Calculation; Koreman, 
E. (PWN); M Hac/M 
N03" = 0.8 
Brenntag; Capacity = 
2000L 
Koreman, E. (PWN); 
7,632 gN037hr 
Calculation; PWN; 
Pilot regen. Flow = 270 
L/hr, HC1 dose = 0.25 
/Lhr 
Brenntag, Capacity = 
2000L 
Galjaard, G. (PWN) 
useful Life: 2 years 
Caculation; Galjaard, 
G. (PWN); P = 10 bar, 
2 blocks of 80 modules 
Calculation. Friend-
Gray (UNH); Flow = 












Galjaard, G. (PWN); 
90% efficiency 
Calculation. 20 




Pertinent process data for SIX/CeraMac 
Parameter 
H202 (30%) 












Same as CSF 
Same as CSF 














Same as CSF 
Martijn, B. (PWN) 
Same as CSF 
Same as CSF 
Process data for final waste disposal of SIX regeneration fluid treatment-
Evaluated in initial LCA 




Distance by boat 
















Galjaard, G. (PWN); 10 mJ/hr 
Capacity = 600 m3 
50% Capacity 
Calculation; Koreman, E. (PWN), 
velocity through pipe =1.5 m/s, 
Useful life = 30 years 
MVR Waste Stream 
Flow 
Distance by boat 
Distance by truck 


















Galjaard, G. (PWN); 1 mj/hr 
Same as Nanofiltration waste 
stream 
Capacity = 30 mJ 
Same as Nanofiltration waste 
stream 
50% Capacity 
Calculation; Koreman, E. (PWN), 
velocity through pipe = 2.5 m/s, 
Useful life = 30 years 
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Additional data included in detailed LCA for final waste disposal of SIX 





Dredged solids from 
reservoir 
HDPE liner for ponds 
















Increase in O2 
requirements at 
WWTP 




Biogenic CO2 from 
NF 
















































Koreman, E. (PWN), S.G. = 1.2 
TSS in RSF backwash water = 
l.lOmg/L, SG =1.05 ,3% 
solids 
Density = 950 kg/m ; lifetime = 
30 years 
0.005 kg polymer/kg d.s. 
Same at PE used in coagulation 
VSS = 0.31*Y,Y: sludge 
production, VSS =1-Ash content 
of sludge 
Including backwash water from 
MF 
Galjaard, G. (PWN); 10 m3/hr 
6% loss from CeraMac 
50% Capacity 
Calculation; Koreman, E. (PWN), 
velocity through pipe =1.5 m/s, 
Useful life = 30 years 
60 cm of cover 
1.2 kg 02/kWh for aeration 
systems; 2,667 mg/L BOD 
Calculation; Koreman, E. (PWN), 
velocity through pipe =1.5 m/s, 
Useful life = 30 years 
60 cm of cover 
1 mol C02/mol DOC-C 
15 mg/L TSS in BWW same 
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Additional data included in detailed LCA for final waste disposal of SIX 
regeneration fluid treatment and sludge from CSF 
Parameter 
MFBWW 
Value Unit Source/Assumptions 
relationship as C02 emissions from 
sludge 
MVR Waste Stream 
Flow 






Increase in O2 
requirements at 
WWTP 




























Galjaard, G. (PWN); 1 mJ/hr 
Same as Nanofiltration waste 
stream 
50% Capacity 
Calculation; Koreman, E. (PWN), 
velocity through pipe = 2.5 m/s, 
Useful life = 30 years 
60 cm of cover 
1.2 kg 02/kWh for aeration 
systems; 26,667 mg/L BOD 
Same as NF 
Calculation; Koreman, E. (PWN), 
velocity through pipe = 2.5 m/s, 
Useful life = 30 years 
60 cm of cover 
Koreman, E. 1 mol C02/mol DOC-
C 
Additional Emissions 
CO2 emissions during 
denitrification 















Koreman E., 1.3 mol C02/mol N03" 
,131molN037hr 
Koreman, E. 65.3 mol N2/hr 
Koreman, E., 3.4 mol 
C5H702N/hr, 0.026 mol 
C5H702N/mol N03" 
5 year useful life 
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APPENDIX C 
PRELIMINARY LCA-IMPACTS FROM ALL UNIT PROCESS COMPONENTS 



















































































































































































































































































































































































kWh/m3:SIX-MF-End treatment with Nanofiltration 
6 
7 
















































































































































































































































?- End treatment with Nanofiltration 

























































































- End treatment with Nanofiltration 






















































































































































































































































Transport by Boat and Truck Results 














































































































































































































































































































































































































































































































































































































Sensitivity analysis CSF - Initial LCA 
(RN - R 0 ) RN - New output 
EZ RO - Old output 
(PN ~ Po) PN-New input 

















































































































































































































































































































Sensitivity analysis SIX/CeraMac - Initial LCA 
























































































































Pretreatment-End treatment with 














Pretreatment-End treatment with 

















































anofiltration - kg CCh-eq/m3 
Mico. Oper. 

































































































Prereatment - End 

























DETAILED LCA-SIMAPRO DATA 
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Perception of time 
Intergettemtitm 
responsibility 
View <>f resources 
Pertxpfbm of needs and 
resources 
Energyfit tare 





Pereepfnm (myth} of 
nature 
Perceptum of human 
nature 





Long term dominates short 
term 
Present < future 
Depleting 
Can manage needs, but not 
resources 





Need reducing strategy 
Nature ephemeral 






Short term dominates long 
term 
Present > Future 
Abundant 
Can manage needs and 
resources 
Business as usual 
Laissez-faire 
Channel rather than change 










between short and long term 
Present - future 
Scarce 
Can manage resources, but 
not needs 
































Comparing 1E3 kg 'CSF. (1)' with 1E3 kg 'SIX/CeraMac (1)' 
Eco-indicator 99 (H) V2.07 / 












































































_Finished Water-Conv. (1) 
^ Sodium hydroxide, 50% in H20, membrane cell, at plant/RER S 
I Electricity mix, AC, consumption mix, at consumer, IkV - 60kV NL S 
Iron (HI) chloride, 40% m H20, at plant CH S 
Operation, barge tanker/RER S 
Operation, lorry >28t, fleet average/CH S 
Carbon dioxide liquid, at plant/RER S 
Remaining processes 
Comparmg 1E3 kg '_Finished Water-Conv. (1)' with 1E3 kg '_Fmished Water-SK/CeraMac (1)'; 











Characterization scores for SIX/CeraMac waste scenario - Ending resin 
regeneration fluid treatment with Nanofiltration and transport to the WS via 

























Analyzing 54.7 kg ' Nanofiltration (1) w/pipeline' 







Total of all processes 
Electricity mix, AC, consumption mix, at 
consumer, 1kV - 60kV NL S 
Sodium chloride, powder, at plant/RER S 
Hydrochloric acid, 30% in H20, at 
plant/RER S 
Acetic acid, 98% in H20, at plant/RER S 
Polyvinylchloride, at regional 
storage/RER S 
Operation, van < 3,5t/RER S 
Operation, barge tanker/RER S 
Polyamide 6.6 fibres (PA 6.6), from adipic 
acid and hexamethylene diamine 
(HMDA), prod, mix, EU-27 S 
Excavation, skid-steer loader/RER S 
Operation, lorry 3.5-7.5t, EUR05/RER S 
Disposal, biowaste, 60% H20, to 
municipal incineration, allocation price/CH 
S 





















































Characterization scores for SIX/CeraMac waste scenario - Ending resin 
regeneration fluid treatment with Nanofiltration and transport to the WWTP via 
























Analyzing 54.7 kg ' Nanofiltration (1) w/pipeline' 







Total of all processes 
Sodium chloride, powder, at 
plant/RER S 
Hydrochloric acid, 30% in H20, 
at plant/RER S 
Electricity mix, AC, consumption 
mix, at consumer, 1kV - 60kV 
NLS 
Acetic acid, 98% in H20, at 
plant/RER S 
Operation, van < 3,5t/RER S 
Operation, barge tanker/RER S 
Polyamide 6.6 fibres (PA 6.6), 
from adipic acid and 
hexamethylene diamine 
(HMDA), prod, mix, EU-27 S 
Polyvinylchloride, at regional 
storage/RER S 




Disposal, biowaste, 60% H20, 
to municipal incineration, 
allocation price/CH S 






















































Sensitivity Analysis-Detailed LCA 
CSF 
RN - New output 
Ro - Old output 
RN' - New output-incl. waste 
Re - Old output-incl. waste 
PN - New input 





















PWN-Conventional vs. SIX/CeraMac 
Date: mm Time: 
Comparing 1E3 kg ' Finished Water-Conv. (1)' with 1E3 kg ' Finished Water-SIX/CeraMac (1)' 


































Sodium hydroxide, 50% in H20, 
membrane cell, at plant/RER S 
Sodium hydroxide, 50% in H20, 
membrane cell, at plant/RER S 
Electricity mix, AC, consumption mix, at 
consumer, 1kV - 60kV NL S-UV/H202 
Electricity mix, AC, consumption mix, at 
consumer, 1kV - 60kV NL S-all other 
processes 
Iron (III) chloride, 40% in H20, at 
plant/CH S 
Natural gas, burned in industrial furnace 
>100kW/RERS 
Carbon dioxide liquid, at plant/RER S 
Operation, barge tanker/RER S 
Operation, lorry >28t, fleet average/CH 
S 
Acrylonitrile E 
Carbon black, at plant/GLO S 
Hydrogen peroxide, 50% in H20, at 
plant/RER S 
Operation, lorry 3.5-16t, fleet 
average/RER S 
Hydrochloric acid, 30% in H20, at 
plant/RER S 
Sodium chlorate, powder, at plant/RER 
S 
Operation, lorry 3.5-20t, fleet 
average/CH S 
Hard coal, at mine/ZA S 




















































































































Total of all processes 
Landfill of biodegradable waste EU-27 
Operation, barge tanker/RER S 
Acrylonitrile E 
Electricity mix, AC, consumption mix, at 
consumer, 1kV - 60kV NL S 
Polyethylene, HDPE, granulate, at plant/RER 
S 
Excavation, skid-steer loader/RER S 
Operation, lorry 3.5-7.5t, EUR03/RER S 


































































-100%-80% -60% -40% -20% 0% 20% 40% 60% 80% 100% 



























Comparing 1E3 kg ' Finished Water-Conv. (1)' with 1E3 kg ' Finished Water-SIX/CeraMac (1)' 
Eco-indicator 99 (H) V2.07 / Europe 







Total of all processes 
Sodium hydroxide, 50% in H20, 
membrane cell, at plant/RER S 
Electricity mix, AC, consumption mix, 
at consumer, 1kV - 60kV NL S 
Electricity mix, AC, consumption mix, 
at consumer, 1kV - 60kV NL S 
Natural gas, burned in industrial 
furnace >100kW/RERS 



















































Operation, barge tanker/RER S 
Carbon black, at plant/GLO S 
Hydrogen peroxide, 50% in H20, at 
plant/RER S 
Anionic resin, at plant/CH S 
Sanitary ceramics, at regional 
storage/CH S 
Operation, lorry 3.5-16t, fleet 
average/RER S 
Hydrochloric acid, 30% in H20, at 
plant/RER S 
Sodium chlorate, powder, at 
plant/RER S 
Operation, transoceanic freight 
ship/OCE S 
Operation, van < 3,5t7RER S 
Operation, lorry 3.5-20t, fleet 
average/CH S 
























































































Disposal, anion exchange resin f. 
water, 50% water, to municipal 
incineration/CH S 




































PWN-Conventional vs. SIX/CeraMac 
Analyzing 5.52 kg ' MVR w/ pipeline' 








Total of all processes 
Electricity mix, AC, consumption mix, at 
consumer, 1kV - 60kV NL S 
Electricity mix, AC, consumption mix, MVR 
pump to WS 





































Hydrochloric acid, 30% in H20, at 
plant/RER S 
Acetic acid, 98% in H20, at plant/RER S 
Operation, van < 3,5t/RER S 
Operation, barge tanker/RER S 
Polyamide 6.6 fibres (PA 6.6), from adipic 
acid and hexamethylene diamine (HMDA), 
prod, mix, EU-27 S 
Polyvinylchloride, suspension polymerised, 
at plant/RER U 
Operation, lorry 3.5-7.5t, EUR05/RER S 
Excavation, skid-steer loader/RER S 
Polyvinylchloride, emulsion polymerised, at 
plant/RER U 
Disposal, biowaste, 60% H20, to municipal 
incineration, allocation price/CH S 












































































Comparing 5.52 kg ' MVR w/ pipeline' with 
0.297 k g ' Sludge' 















































-100%-80% -60% -40% -20% 0% 20% 40% 60% 80% 100% 
% A in model input 
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HWL Accreditation 
HMD VOOR ACCHEDITATIE 
WDBo«JT6« NL-3SOOOT uttechl 
De Sttchting Raad voor Accredilatie, opererend als aocreditatieverlener voor 
testlaboraloria, verklaart hierblj dat 
Het Waterlaboratorlum N.V. 
HAARLEM 
voktoet aan de aocredltatlecrlteria voor testlaboratorla zoals vastgelegd In 
NEN-EN-ISQ/lEC 17028:2005. Oa accreditatie omval het kwaUteltssysteem van het 
laboratorlum alsmede de speclfteke verrichtlngen an onderzoeksgebiedan zoals 
omschreven In de gewaarmerkte bljlage die is voorzlen van het accraditatienummer. 
De accreditatie is van kracht, vooropgezet dat het laboratorlum olijft voldoen aan de 
door de SUchtjng Raad voor Accreditatie vastgeatelde criteria. 
Ott certificaat met accreditatlenummer. 
L404 
Is verteend op 19 december 2006 en la gaktlg tot 
1 januari 2011 
Oe accredilatie is voor het eerst verteend op 
1 januari 2003 
.De Algernon Dtrectetfr 
Ir. J.O.-iratnifr Pool 
ACCREDITATIE CERTIFICAAT 
HWL Operating Standards and Procedures 
GL 
298 
Bijlage bij NEN-EN-ISO/IEC 17025 accreditatie-certificaat 
nummer: L 404 
van HetWaterlaboratorium N.V. 
Haarlem 
Geldig van: 14-10-2008 tot 01-01-2011 Vervangt bijlage d.d.: 31-01-2008 
Materiaal of 
product 




















Monsterneming via tapkranen t.b v. alle in deze lijst opgesomde 
anorganische- en organische analyses 
Monsterneming via tapkranen tb.v alle in deze lijst opgesomde 
microbiologische analyses, behalve voor verrichting AVS-LEG 
(Legionella) 
Monsterneming via tapkranen t.b.v de Legionellabepaling 
(verrichting met intern referentienummer AVS-LEG) 
Monsterneming van open water t b.v alle in deze lijst opgesomde 
analyses 
Monsterneming via waarnemingsputten t b.v. alle in deze lijst 
opgesomde anorganische-, organische- en microbiologische 
analyses 
Monsterneming via brandkranen t.b v hydrobiologisch onderzoek 
(vernchting met intern referentienummer AVS-ZOO-N-SW) 
Monsterneming via tapkranen t b v hydrobiologisch onderzoek 








conform NEN 6800-2 
MVS-WAARNPUT 
conform NEN 5744 en 








Het bepalen van de temperatuur (Pt-100); elektrochemie MVS-TEMP 
conform NEN 6414 




Het bepalen van het gehalte aan gesuspendeerde stoffen 
(>1.5 u,m); gravimetrie 
AVS-SUSP-ST 
gelijkwaardig aan 
NEN-EN 872 (1995) 
Deze bijlage is goedgekeurd door: 
Ir J C van der Poel 
Algemeen Directeur 
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Verrichting / Onderzoeksmethode 
Het bepalen van het elektnsch geleidend vermogen bij 20 °C, 
conductometrie 
Het bepalen van het gehalte aan zuurstof, elektrochemie 
Het bepalen van de zuurgraad, potentiometne 
Het bepalen van het gehalte aan carbonaat en 
waterstofcarbonaat, potentiometnsche titnmetne 
Het bepalen van het gehalte aan organische koolstof, 
infraroodspectrometrie 
Het bepalen van de UV-extmctie bij 254 nm, spectrofotometne 
Het bepalen van de kleunntensiteit bij 455 nm, spectrofotometne 
Het bepalen van het gehalte aan non-ionogene- en kation-actieve 
detergentla, spectrofotometne 
Het bepalen van het gehalte aan anion-actieve detergentla, 
spectrofotometne 
Het bepalen van de som van de gehalten aan 
stikstofverbindmgen volgens Kjeldahl, spectrofotometne, 
doorstroomanalysetechniek 
Het bepalen van het gehalte aan nitraat, spectrofotometne, 
doorstroomanalysetechniek 
Het bepalen van het gehalte aan totaal-fosfaat, 
spectrofotometne, doorstroomanalysesysteem 





conform ISO 7888 
AVS-ROBOT 






















conform ISO 14403 (2002) 
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Verrlchtlng / Onderzoeksmethode 
Het bepalen van het gehalte aan nitriet, spectrofotometrie, 
discrete analyzer 
Het bepalen van het gehalte aan vrij ammonium, 
spectrofotometrie (discrete analyzer) 
Het bepalen van het gehalte aan orthofosfaat, spectrofotometrie, 
discrete analyzer 
Het bepalen van het gehalte aan chloride; spectrofotometrie 
(discrete analyzer) 
Het bepalen van het gehalte aan silicaat; spectrofotometrie 
(discrete analyzer) 
Het bepalen van het gehalte aan fluoride, ionchromatografie 
Het bepalen van het gehalte aan bromide en chloraat; 
ionchromatografie (geleidbaarheid en UV) 
Het bepalen van het gehalte aan bromaat; 




































Het bepalen van het gehalte aan metalen, ICP-AES 
barium, Ijzer, mangaan en zink 
Het bepalen van het gehalte aan metalen; ICP-AES 
zwavel als sulfaat, natrium, kalium, calcium en magnesium 
Het bepalen van het gehalte van metalen, ICP-MS 
beryllium, aluminium, vanadium, chroom, kobalt, nikkel, koper, arseen, seleen, 




conform NEN 6966 
AVS-MET-MS 
conform 
NEN-EN-ISO 17294-1 en 
NEN-EN-ISO 17294-2 
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Verrichtlng / Onderzoeksmethode 
Het bepalen van het gehalte van metalen, ICP-MS 
beryllium, vanadium, chroom, kobalt, nikkel, koper, arseen, selean, zilver, 
cadmium, antimoon en lood 




















Het bepalen van het gehalte aan niet vluchtige adsorbeerbare 
organische halogeenverbindingen (AOX); microcoulometrie 
Het bepalen van het gehalte aan de complexvormers NTA, EDTA 
en DTPA, HPLC-UV 
Het bepalen van het gehalte aan polycychsche aromatische 
koolwaterstoffen (incluslef de 6 van Borneff), HPLC-UV/FLU na 
vaste fase extractle 
naftaleen, acanaftyleen, acenafteen, fluoreen, phenanthrean, anthraceen, 
fluorantheen pyreen, benzo(a)anthraceen chryseen, benzo(b)fluorantheen, 
benzo(k)f)uorantheen, benzo(a)pyreen, d!benzo(a,h)anthraceen, 
benzo(g,h,!)peryleen en lndeno(1,2,3 cdjpyreen en de som PAK, 6 van Bomeff 
Het bepalen van het gehalte aan fenolische bestnjdingsmiddelen, 
HPLC-UV-DAD na vaste fase extractie 
dinoseb, dlnoterb 2,4-dinitrofenol en DNOC 
Het bepalen van het gehalte aan fenylureum herbiciden; 
HPLC-UV-DAD na vaste fase extractie 
chloortoluron, diuron, 3 (3,4 dichloorfenyl)-uraum, 
3-(3 4-dichloorfeny])-1-methylureum, llnuron. methabenzthlazuron. 
metobromuton, metoxuron, monuron, Isoproturon, carbamazepine, atrazln, 
simazln an trifenylfosfineoxlde 
Het bepalen van het gehalte aan N-methylcarbamaten, 
HPLC-FLU en nakolomderivatisermg 
3-hydroxycarbofuran, aldicarb, aldicarb-sulfon, bulocarboxinn-sulfon, carbaryl 
carbofuran, methiocarb, methomyl, oxamyl propoxur, thlofanoxsulfon, 
thiofanoxsulfoxlde, aldlcarb-sulfoxide, butocarboxim, butocarboxmaulfoxlde 
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Verrlchting / Onderzoeksmethode 
Het bepalen van het gehalte aan gehalogeneerde 
koolwaterstoffen, GC-ECD na extractie 
broomchloormethaan, trichloormelhaan, 1,2-dlchloorethaan. 1,1,1 -tnchloorethaan, 
talrachlootmethaan. broomdichloormethaan. tnchlooretheen, 
1,1,2-trlchloorethaan, dibroomchloormethaan, tetrachlooretheen, 
tnbroommethaan, 1,1,2,2-tetrachloorethaan, 1,2,3-trlchloorpropaan en de som 
van tnhalomethanen 
Het bepalen van het gehalte aan organochloorbestrijdings-
middelen, polychloorbifenylen en chloorbenzenen; GC-ECD na 
extractie 
dichlobenil, alfa-HCH. hexachloorbsnzaen, beta-HCH, gamma-HCH, heptactiloor, 
aldnn, da-heptachloorepoxlde, trans-heptachloorepoxide, alfa-endosulfan, 
p,p'-DDE, dieldnn, endrln, p.p'-DDD p p -DDT, 2,4,4'-trichloorbifenyl, 
2,5,2' 5'-tetfachloorbifenyl, 2,4,5,2',5'-pentachloorbifenyl 
2,4,5,4',4 -penlachloorbifenyl, 2,3,4,2' 4',5'-hexachloorblfenyl, 
2,4,5,2',4',5'-hexachloorbifenyl. 2,3.4,5,2',4',5'-hsptachloorbifenyi, 
1,3-dlchloorbenzeen, 1,4-dichloorbenzeen, 1,2-dlchloorbenzeen, 
hexachloorethaan, 1 ,3,5-trlchloorbenzeen, 1,2,4-tnchloortaenzeen, 
1,2,3-trichloorbenzeen, hexachloorbutadieen, 1,2,4,5-tetrachloorbenzeen, 
1,2,3,4 telrachloorbenzeen en pentachloorbenzeen 
Het bepalen van het gehalte aan gehalogeneerde 
organocarbonzuren; GC-ion-trap na extractie en methylermg 
monochloorazijnzuur, monobroomazijnzuur, dlchloorazijnzuur, tnchloorazijnzuur, 
broomchloorazijnzuur en dlbroomazljnzuur 
Het bepalen van het gehalte aan chloorfenolen, GC-MS na 
extractie 
2-monochloorfenol, 3-monochloorfenol, 4-monochloorfenol, 2,6-dlchloorfenol, som 
van 2,4-dlchloorfenol en 2,5-dichloorfenol, 3,5-dichlooifenol, 2,3-dlchloorfenol, 
3,4-dlchloorfenol, 2,4,6-tnchloortenol, 2,3,6-trichoorfenol, 2,3,5-tnchloorfenol, 
2,4,5-trlchloorfenol, 2,3,4 tnchloorfenol, 3,4,5-trlchloorfenol, 
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Verrichting / Onderzoeksmethode 
Het bepalen van het gehalte aan stikstof- en fosforhoudende 
bestrijdingsmiddelen (NPB) en tnfosfaten, GC-MS na vaste fase 
extractie (SPE) 
atrazln, azmfos-methyl, bromacil, carbamazeplne cyanazin, desethylatrazin, 
desisopropylatrazln, desmetryn dlazinon, dlchloorvos, dimethoaat, edinfenfos, 
elhoprofos. fenpropimorf, malathlon, metamrtron, metazachloor, metolachloor, 
metnbuzin, mevinfos, paraoxon-ethyl, parathion-ethyl, parathion-methyl, 
pirimicarb, prometryn, propazin, pyrazofos. slmazln, terbutryn, terbutylazin, 
terbutylazln-desethyl, tetrachloorvmfos, toldofos-methyl, trladimefon, triadimenol, 
tn-isobutylfosfaat, tributylfosfaat en tilethylfosfaat 
Het bepalen van het gehalte aan vluchtige organische 
koolwaterstoffen, GC-MS na purge & trap 
dichloormethaan trans-1,2-dlchlooretheen, MTBE, cis-1,2-dichlooretheen, 
dlisopropylether trichloormethaan (THM) ETBE 1,2-dichloorelhaan, 
1,1,1-tnchloorethaan, benzeen, tetrachloormethaan, cyclohexaan, TAME, 
1,2-dicnloorpropaan, dichloorbroommethaan (THM), trlchlooretheen, 
cls-1,3-dlchloorpropeen, trans-1,3-dichloorpropeen, msthylbenzeen, 
1,3-dlchloorpropaan, dibroomchloormathaan (THM). tetrachloorethean, 
chloorbsnzeen, ethylbenzeen 1,3 + 1,4-dimethylbenzeen, trlbroommatnaan 
(THM), etrtenylbenzaan, 1,2-dimethylbenzeen 1,2 3-trlchloorpropaan, 
iso-propylbenzeen 2-ohloomnethylbenzeen, n-propylbenzeen, 
1,3,5-trimethytbenzeen, 1,2,4-trimethylbenzeen isa-butylbenzeen, 
p-l&opropylmethylbenzeen, n-bulylbenzeen, 1 2-dibroom-3-chloorpropaan 
1,1,2,2 tetrachloorelhaan, 1 1,2-tnchloorethaan, broomchloormethaan en de som 
tnhalomelhanen (THM) 
Het bepalen van het gehalte aan chloorfenoxycarbonzuren, 
GC-MS na SPE 
dieamba, mecoprop, MCPA, 2,4-OP, 2 4-D, 2,4,5-T, MCPB bentazon, 
metolachloor, chlortal en tetrachloororthoftaalzuur 
Het bepalen van natuurlijk organisch matenaal (NOM) in water; 
LC-OCD-OND 
TOC, DOC en CDOC-fractles inclusief POC (TOC minus DOC) en HOC (DOC 
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Het bepalen van het koioniegetal bij 36 °C, gietplaatmethode 
Het bepalen van het koioniegetal by 22 °C, gietplaatmethode 
Het bepalen van het koioniegetal bij 25°C, stnjkplaatmethode 
Het bepalen van het aantal bactenSn van de coligraep en het 
aantal Escherichia coli, membraanfiltratie 
Het bepalen van het aantal kolomevormende eenheden van 
Escherichia coli, membraanfiltratie 
Het bevestigen van Escherichia coli verdachte kolonies, 
realtime-PCR 
Het bepalen van het aantal Aeromonas-bactenen, 
membraanfiltratie 
Het bepalen van het aantal sulfietreducerende Clostridia; 
membraanfiltratie 
Het bepalen van het aantal Legionella bacterien, 
membraanfiltratie 
Het aantonen van enterococcen, membraanfiltratie 
Het aantonen van thermofiele Campylobacters, MPN-methode 
Het determineren van bacterien van de cohgroep en 
thermotolerante bacterien van de coli-groep, gebruik van 
API20E-systeem 
AVS-KG22-KG36 
conform NEN-EN-ISO 6222 
AVS-KG22-KG36 
conform NEN-EN-ISO 8222 
AVS-KG25 










conform NEN 8263 
AVS-CLOS 
conform NEN 6567 
AVS-LEG 





conform NEN 6269 
AVS-API 
eigen methode 
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Verrlchting / Onderzoeksmethode 
Het bepalen van het gehalte aan assimileerbaar organisch 
koolstof (AOC), groeicurvebepaling 























Het benoemen en tellen van zoOplankton op hoofdgroepniveau, 
microscopie 
Het benoemen en tellen van dierhjke organismen >30 (im, 
microscopie 
Het benoemen en tellen van fytoplankton op hoofdgroepniveau; 
omkeermicroscopie 















Het bepalen van de totale en rest-beta radioactiviteits-
concentratie; anticoincidentie-gasdoorstroomteller 
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